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“Seen as a science, crystallography is an altogether unusual case. It is 
not productive; it is just itself, not giving rise to anything else, more 
especially now that a number of isomorphic bodies have been found 
which turn out to be quite distinct according to their content. As it 
really is not possible to apply crystallography in any way, it has 
developed largely as something self-contained. It gives the mind a 
certain limited satisfaction and is so manifold in its detail that it can 
be called inexhaustible; which is the reason why it keeps a lasting and 
decisive hold on outstanding people.’ 
‘Crystallography has something of the monk and the confirmed 
bachelor about it and it is therefore sufficient unto itself. It has no 
practical influence in a living context for its most precious products, 
crystalline gems, first have to be cut and polished before we can use 
them to adorn our womenfolk.” 
 







In the aim of producing carbon fibers at a reduced cost to the traditional 
polyacrylonitrile precursors, the alternative precursor polyethylene has been 
investigated.  Polyethylene, following a stabilization process involving 
submersion in sulphuric acid for hours, can be carbonized into carbon fibers.  
To date, there have been significant gaps in the understanding of how these 
processes happen, how different grades of polyethylene would affect these 
processes, and how additives may affect impact or benefit the development 
of select properties.  In this study, through the use of thermal methods, the 
progression of sulphonation on different grades has been shown.  Through 
spectroscopic measurements, the diffusion and stabilization of polyethylene 
has been visually documented, providing evidence in both time and space 
that the stabilization is a diffusion limited reaction.  Diffraction-based 
techniques have allowed for the structure evolution during sulphonation 
and carbonization to be resolved.  Findings from this work provide a 
reference for the effect of polymer grade on the stabilization and 
carbonization properties of the fibers.  Graphitic additives were found to 
positively impact the development of graphitic domains in low-temperature 
carbonized fibers.  Antioxidant additives commonly introduced to 
polyethylene during production were not found to have a net-positive 
impact on the fiber properties.  The findings of this work paint a better 
picture of how the sulphonation process progresses on the microscopic level, 
and presents a new method for guiding the orientation of graphitic structure 
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1 Executive Summary 
The last 20 years have seen an immense and beautiful development of 
processes, structures, understandings, and capabilities involving carbon 
fibers.  Their success, garnered by high strength and stiffness, while having 
a low density, have set the stage for their advancement of automobile, 




To overcome cost limitations, fresh projects are examining new precursor 
materials that do not revolve around the traditional polyacrylonitrile (PAN) 
and pitch precursors that are currently employed.  A promising frontrunner 
in the field of low-cost carbon fibers (LCCF) is polyethylene, which has the 
proven potential to meet performance criteria demanded in various fields, 
though significant gaps in knowledge still appear in the field.  These include 
concise descriptions of how acids affect different grades of PE, whether 
industrially added antioxidants could augment the sulphonation process, 
and if additives (such as graphite examined henceforth) could play a part in 
the atomic templating during carbonization. 
Hence, the significances of this dissertation are: 
1. Be the first body of literature to compare the production of LDPE, 
LLDPE, and HDPE based carbon fibers under identical conditions. 
2. Follow the effects of antioxidants and graphite in sulphonating 
fibers. 
3. Determine if graphene will serve as a homogeneous nucleating agent 
during the carbonization process. 
4. Study the chemical reactions within a reacting fiber to determine if 
the process is diffusion or reaction limited. 
5. Follow how sulphonation affects the crystallinity of the fibers, in 
relation to fiber grade and additives. 
6. Survey the orientation of the polymer crystals during sulphonation 
for all grades. 
7. Measure how the polymer grade affects the sulphonation rate and 
change in crystallite size. 
8. Identify if the sulphonation is a process that occurs slowly after 
diffusion, or if it is rapid at a diffusion front. 




10. Conceptualize processes occurring in the fibers during low 
temperature carbonization, as measured by diffraction. 
This dissertation argues the following propositions: 
1. The grade of polymer utilized does affect the rate of stabilization. 
2. Under identical parameters, the rate of sulphonation is 
proportionate to the degree of crystallization. 
3. The diffusion of sulphuric acid mirrors the development of C=C 
bonding and the loss of C-H bonding. 
4. The stabilization of polyethylene via sulphuric acid is rapid, and 
diffusion limited. 
5. The stabilization reaction does not progress with time beyond the 
initial reaction. 
6. Stabilization and initial carbonization proceed with consistent 
sp2/sp3 hybridized bonding ratios, as if following a predisposed 
recipe, regardless of grade. 
7. Graphite served as a homogeneous, orientable nucleating agent. 
8. Antioxidant additives did not improve the stabilization process, and 
should be omitted from SPEC fiber precursors. 
9. Even at low temperatures, SPEC fibers witness a reduction in 
interplanar spacing. 
10. The vast majority of former quantitative DSC, FTIR, and WAXS 
literature on sulphonation has been more indicative of how far the 
process had progressed, rather than what was happening at the 
molecular level. 
In this dissertation, chapter 2 is devoted to the background of this project 
and the reasonings for the hypotheses.  Chapter 3 follows the production of 
white fibers, sulphonation, and carbonization.  In chapter 4, experimental 
techniques and processes are presented along with examples of their 
function.  Chapter 5 is devoted to providing a view of the thermal and 
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mechanical properties that develop in treated fibers during sulphonation.  
These properties include thermal changes in the stabilization phase that 
affect the ability of the fibers to carbonize, as well as, the development of 
mechanical properties as measured by single-fiber testing.  Changes in 
abrasion resistance are also addressed.  Chapter 6 is devoted to examining 
the 2D cross-sections of the fibers via spectroscopic means to gain a better 
understanding of how the sulphonation progresses, and pays particular 
attention to comparing these properties for the different grades of PE used.  
Chapter 7 is devoted to the examination of the sulphonation process with x 
rays to track changes in crystallinity, crystallite sizes, and Herman’s 
orientation parameters.  This chapter also looks at adding graphite to the 
polymer for processing, and the beneficial properties this provides in terms 
of templating low-temperature carbonization.  In chapter 8, a summation 
of the properties found in the fibers is given, including areas for further 
research.  Findings are compared across chapters for a fuller view of the 
subject, and this is related to present literature on the subject.  References 















2 Literature Review 
2.1 The Rationale for This Study 
The last 20 years have seen an explosion in the demand of carbon fiber (CF) 
traversing fields of automotive, aeronautical, sporting, and construction, to 
name a few.  Future demand for carbon fibers is set to grow rapidly, 
averaging a rate of around ~12% per year for more than 20 years, and unless 
advances are made in the processing and production of these fibers, their 
growth potential will be underdeveloped.[3, 4]  High prices, which are largely 
due to the high amount of energy required to produce and process the 
traditional PAN precursors, prevent their use in many structural and 
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automotive applications.  Furthermore, with the dirty nature of our current 
power generation processes, producing carbon fibers has significant 
emissions concerns.  To combat these drawbacks, research is necessary into 
fields that will greatly challenge the current methods that produce these 
materials. 
Over 90 percent of all carbon fiber produced world-wide comes from 
Polyacrylonitrile (PAN) precursors.  While significant research is going into 
ways to reduce the energy consumption of the modern PAN production 
techniques, ground is being gained on the use of alternative materials for the 
production of carbonaceous fibers.[4-8]  A strong candidate which will be 
explored in this project, is that of polyolefins, with polyethylene (PE) being 
a standout.  Conversion of PE into carbon fiber has been achieved through 
the usage of SO3 sources.[9-14]  This process has the benefit of a potential 
reduction in cost, though to date, only moderate elastic moduli, low 
strength, and small batch productions have been achieved.  Compared to the 
high degree of ordering in a PAN carbon fiber, sulphonated polyethylene 
carbon (SPEC) fiber lacks structure and an understanding of how domains 
form during a thermal carbonization process.[9, 15-17]  Due to difficulties in 
correlation between competing projects and the inability to find studies with 
longitudinal carryover, a significant single-setup venture is necessary to 
produce multi-variable fibers under identical conditions.  From this 
information will be gained on the fundamentals of how the molecular 
confirmations of fibers influence behavior, and develop into ultimate, 
carbonaceous materials. 
The incorporation of filler materials has long been documented to affect the 
properties of thermoplastics; including melting temperature, decomposition 
temperature, elastic modulus, tensile strength, and electrical properties.[18-
29]  During crystallization, these fillers serve as nucleating agents, providing 
a template for transcrystalline growth and a reduced tendency towards 
supercooling.[18, 20, 21]  Graphene, a 2-dimensional filler, has shown 
promise as a material for the reinforcement of PE fibers, though no research 
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has followed how the inclusion of graphene may impact the development 
from PE to CF.  It is hypothesized that the domain formation of PE around 
graphene could positively influence the formation of aligned graphitic 
domains in carbonized PE while promoting growth, though it is not known 
what the exact effect will be.  Furthermore, there is no identified literature 
that addresses the sulphonation of graphene filled PE composites.  
Additionally, there is no literature that addresses the effect that anti-
oxidants (added to the PE in the factory to prevent UV degradation) could 
have on the promotion of sulphonation; a radical-based reaction. 
This study will be the first to address these issues, and will be carried out 
with longitudinal and latitudinal control.  It is therefore reasoned that this 
project has gained a necessary impetus to investigate the effects that 
graphene-templated PE have on the sulphonation process and domain 
structure formation in SPEC fiber production. 
 
2.2 Carbon Fibers in Society 
Carbon fiber, composed of graphitic crystal domains of at least 92% carbon, 
is being intensely investigated for applications where lightweight, stiff 
structures are required.  It is estimated that the demand for carbon fiber will 
continue to grow, with demand increasing by 59 million kg/year since 
2013.[30]  Areas of known and perceived growth include aerospace, 
automotive, sports equipment, and architectural applications.  As with many 
materials in these areas, an increase in strength/stiffness to weight not only 
provide higher performance for preexisting designs, but allows for 
completely new ideas to be applied.  Though carbon fiber is not new, its 
unflattering price has prevented its applications into fields where the 
improvement of certain parameters may not meet the cost requirements.  A 
reduction in the price of carbon fiber would allow it to move into new and 
existing markets without the need for radically new designs. 
29 
 
Modern production of carbon fiber relies almost entirely on the use of 
polyacrylonitrile (PAN) precursors, where 51% of the cost of the finished 
fiber can be attributed to the production of the PAN fibers.[1]  Other 
precursors include rayon and petroleum pitch, though these identify only a 
small corner of the market without significant foreseen growth, and will not 
be further covered in this review.  PAN fibers on the other hand, currently 
maintain a market lead and represent the interests of many applications that 
are only possible due to the consistent, high performance nature of the 
fibers.  Several methods are being investigated to reduce the reliance on 
PAN, including the use of naturally occurring materials such as lignin to 
replace part of the carbon content of the PAN based precursors [6].   
Driving down the price of carbon fiber may require the use of new materials 
to replace PAN.[6]  Several precursors have been short-listed as potentially 
able to drive down fiber prices.  These include polyolefins, bio-based 
materials, and synthetic polymers.  It is foreseen that carbon fibers could see 
widespread usage in construction and automotive semi-structural 
applications if the price can be driven below 11$/kg, as well as mechanical 
properties of a tensile strength of 1.73GPa, a tensile modulus of 172GPa, and 
a 1% elongation at failure.[30]   
Carbon fiber develops its mechanical properties from the structures of 
 
Figure 1 PAN manufacturing costs breakdown [1]. 
30 
 
graphitic planes within the fiber.  These planes align themselves parallel in 
groups known as domains with structures resembling sheets of paper in a 
ream.   These sheets are stiffest and can transfer load most efficiently in-
plane.  Due to this property, alignment of the planes parallel to the fiber axis 
is of great importance in developing both the strength and stiffness of carbon 
fibers.  Alignment can occur early in the fiber production through alignment 
of polymeric molecules, in the carbonization phase when sp2 character is 
developed, or at high temperature when the graphene can grow and shear 
into alignment with stress vectors.  This is a reason that carbon fibers treated 
at exceptionally high temperatures (>2000°C) develop high stiffness and are 
more prone to failure at lower strain.   
 
2.3 Polyethylene as a Polymer 
 
Figure 2 PE polymerized from ethylene. Qenos technical guide 
The polyolefin polyethylene (PE) CH3-[-CH2-]n-CH3 has an elemental carbon 
content of ~85.7% Figure 2.  Polyethylene is formed primarily by the radically 
induced polymerization of ethylene (C2H4).  Due to its high processability, 
PE products include milk bottles, disposable shopping bags, and playground 
equipment, amongst many others.  The polymerization process chosen 
affects the structure, and therefore properties of the polymer, by branching 
of the molecular backbone (Figure 3).  Both linear and heavily branched 
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polymers can be produced with general referencing defined for the different 
grades produced. 
 
Figure 3  LDPE, LLDPE, and HDPE structures.[31] 
Three of the major grades of commercial PE include: 
• Low Density Polyethylene (LDPE) is a highly branched PE with a 
density of 0.915 to 0.930 g/cm3. 
• Linear Low Density Polyethylene (LLDPE) has a highly linear 
backbone with controlled branching and a density of 0.915 to 0.940 
g/cm3. 
• High Density Polyethylene (HDPE) refers to PE with an extended, 





Below the melting point, PE is semi-crystalline, forming highly-ordered 
crystalline regions known as “crystallites”, and amorphous areas that lack 
periodic ordering (Figure 3).  In crystalline regions, PE molecules align 
through folded-chain and aligned-chain mechanisms, resulting in 
periodically ordered lamella.  Molecules may extend from one ordered, 
crystalline region and proceed through the amorphous region to form part 
of another crystal.  These are known as ‘tie molecules’ and add to the 
structure of the bulk.  Linearity of the molecules positively affects the ability 
of the molecules to form crystallites, resulting in higher crystalline 
percentages of HDPE.  In LDPE, the degree of branching prevents the folding 
of molecules back upon themselves, reducing crystallinity.  Cooling rates 
have a negative effect on crystallinity, whereas stresses and shear during 
solidification can promote crystallinity.  In the crystalline form (Figure 4, 
left), PE exhibits an orthorhombic unit cell that is oriented with the C axis 
parallel to the carbon backbone of the polymer.  XRD of PE has characteristic 
peaks at 2θ = 21.4° and 2θ = 23.9° (with Cu Kα = 1.54Å) relating to the 110 and 
200 planes, respectively.  The degree of polymerization of PE plays a role on 
the development of structure in PE, which can be witnessed with XRD 
(Figure 4, right).  
Figure 4  (Left) Orthorhombic unit cell of polyethylene displaying chain alignment [30].  (Right) 




Polyethylene fibers produced by melt extrusion and high speed spinning 
experience structural alignment of the molecules during production.  Uptake 
of fibers results in rapid cooling that show a transition from the spherulitic 
structure of PE cooled under quiescent conditions to row-nucleated lamella 
that form in the b-axis perpendicular to the fiber axis, with alignment of the 
molecular axis parallel to the fiber axis.  At higher uptake rates, strain 
induced fibril nucleation allows for crystallization to occur at temperatures 
above those of quiescent conditions.[32]  Thus in the formation of PE fibers 
the rapid solidification produces a significant amount of lamella-controlled 
alignment of molecular axis parallel to the fiber axis.  
 
2.4 PE Stabilization 
 
Figure 5  Proposed sulphonation reaction progression.  Adapted from [10]. 
PE has great potential as a CF precursor, though due to its low melting and 
boiling temperatures, it must be stabilized by cross-linking prior to any 
thermal treatment above the melting point of ~120C.  Previously investigated 
methods for cross-linking have included the use of radiation, peroxides, 
silane coupling agents, and sulphonation with SO3 sources.[33]  Each of the 
methods has its benefits, though, to date the only method that has been able 
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to obtain a high enough cross-linking density (one cross-link for every 5-7 
carbons) has been sulfonation in an intense sulfur containing acid (Figure 
5).  Three proven acids are sulfuric acid (H2SO4), chlorosulfuric acid 
(HSO3Cl), and fuming sulfuric acid (sulfur trioxide, SO3, in sulfuric acid).[12]  
Due to the cost and toxicity, chlorosulfuric acid has not been seen in 
literature since the 1980s, where its results were not superior to other 
acids.[34]   
During the sulphonation process, fibers are immersed in the acid at elevated 
temperatures, allowing the diffusion of the acid into the fibers.  For much of 
the previously obtained literature, cost viability and availability has favored 
the use of highly concentrated sulphuric acid.  Reactions proceed slowly with 
sulphuric acid, requiring temperatures potentially in excess of the melting 
temperature.  To accomplish this without melting the fibers, a temperature 
ramp in the acid has been employed to allow for partial stabilization before 
approaching the melting point, followed by a several-hour isothermal hold 
in the range of 120-130°C.  Fuming sulphuric acid has the benefit of having 
readily available SO3 groups, and as such is rather reactive with PE.  Reported 
stabilization of PE by fuming sulphuric acid has been carried out at 
temperatures in the vicinity of only 70°C.  Hybrid methods of sulphonation 
have been explored.  For this the fiber will use at least two consecutive 
sulphonation vessels, namely fuming sulphuric acid (for sub-melting temp 
stabilization) followed by sulphuric acid.   
Diffusion proceeds most rapidly in the amorphous regions of fibers, 
proceeding much slower in crystalline regions.  As diffusion progresses, the 
fiber swells and loses structure (Figure 6).  This begins in the amorphous 
areas, leading to uneven swelling that causes the fiber to contort and shrink 
in length.[16]  The specific chemical pathways by which the sulfo groups 
react with polyethylene has been well studied and will not be investigated 
further in this project (Figure 5).[35]  Should the fibers be allowed to contract 
during sulphonation, uneven swelling will lead to kinking and bulging of the 
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fibers from their preferred linear posture.  Should the fibers contort, even 
high stresses during subsequent steps will not be able to return the original 
1D axis of the fiber, and the mechanical properties of the fibers will suffer 
substantially.[36]  To prevent this, several studies have looked at tensile 
stresses applied to the fibers during sulphonation, which have had a 
significant, positive impact on the mechanical properties of the fibers.[15-17]  
As a result, all fibers produced in the last 20 years have utilized tension 
during fabrication, though no studies have looked at the fundamental 
implications (beyond simple mechanical properties) of how atomic structure 
is affected as a result of sulphonation affecting  the polymer molecular 
assembly. 
 
Figure 6  Loss of structure during sulphonation.  (Left) polymer GLLDPE fiber.  (Right) GLLDPE after 
sulphonation for 6 hours.  Note how the strong diffraction peaks have mostly softened into a large 
amorphous scattering mound. 
The addition of sulfo groups (-SO2OH-) to the carbon backbones of the 
olefins, followed by crosslinking between molecules, results in a 3D 
stabilized structure with covalent bonding between carbon atoms of 
neighboring chains.  In this reaction, aliphatic polyolefins react with SO3 to 
produce polyacetylenic species which contain sulfonic acid groups.  This 
stabilization can be seen in DSC by a reduced latent heat of fusion.[21]  At 
the beginning of this thermal treatment, SO2 and H2O are driven from the 
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system.  Further heating promotes the growth of the carbon-based system 
and includes the evolution of hydrogen from the previous hydrocarbon, 
resulting in the formation of an SP2 carbon structure.  Processing parameters 
such as heating rate, ultimate temperature, tensioning, and the atmosphere 
affect the ultimate properties achieved by the fibers.[12, 14-17, 30, 36-41] 
To date, though, there have been no studies conducted on the addition of 
any graphitic filler materials to a PE fiber matrix for sulphonation.  This is 
different from the traditional PAN fiber precursors, which have seen a large 
degree of research looking at the addition of graphite, CNTs, and other 
additives to improve processing, increase strength, and/or reduce cost.[3, 22, 
42-44] 
 
2.5 The Carbonization of PE Precursors 
Carbonation of the PE fibers becomes possible following the sulphonation 
stabilization of the fibers.  At the completion of the sulphonation process, 
the fibers have been largely stabilized, but complete chemical reaction and 
graphitization of the system has not been accomplished.  Furthermore, the 
system is still heavily reacted with sulphur, oxygen, and hydrogen, which will 
need to leave for the fiber to become true carbon fiber.  It is also during this 
process that mechanical properties of the fibers will be developed through 
the alignment of graphitic domains in the carbonized structure.[15, 17, 34, 
40]  A schematic of the partially aligned planes of graphene domains in CF 




Figure 7  Representation of the partial alignment of CF microstructure. 
Above ~120˚C sulphonic acid (R-HSO3) groups are eliminated as sulfurous 
acid, promoting further crosslinking throughout the system.  This continues 
until around 220˚C, when the majority of groups remaining attached to the 
carbon are oxides, alcohols, and ketones (Figure 5).  Further heating leads to 
the loss of these groups, and above 600˚C the remaining C-H bonds are 
oxidized with the elimination of H2.  At this point, the SPEC fibers are indeed 
carbon fibers, though at this low of a temperature the graphitic domains of 
the fibers have had little to develop, order, and align to an applied force field.  
Disordering and a lack of well-defined, grown, parallel graphitic sheets mean 
that stresses transmitted through the fiber will subject the carbon system to 
significant shear, instead of the preferred tension.   
During the stabilization and ultimate carbonization of SPEC fibers, the 
elimination of HSO3 groups promotes crosslinking between PE molecules, 
38 
 
leading to the growth of molecular sheets.[10]  A similar reaction proceeds 
in PAN fibers with the polymerization between molecular chains.  It was 
found, though, that the crosslinking in SPEC fibers proceeded primarily in-
plane with fewer crosslinks between planes than in PAN fibers.[40]  Reduced 
inter-planar bonding contributes to a lower shear modulus of the system 
during tensile stresses.  The importance of this is that the planes of stabilized 
SPEC fibers are more readily able to orientate the alignment of graphitic 
planes during thermal treatments.  In effect, this means that, theoretically, 
SPEC fibers have the potential to achieve highly aligned graphitic planes that 
could rival those found in PAN fibers.[40]   
Recently, promising work has been carried out into the field of the high 
temperature carbonization of SPEC, which concluded with encouraging 
results in terms of achievable mechanical properties.[40]  Previous research 
by Zhang [15] achieved an elastic modulus in excess of 200GPa, which was 
attributed, most likely, to the highly aligned polymer structure of the 
UHMWPE used, though due to the high production costs of the fibers, few 
studies followed suit in their pursuit of highly aligned polymer fibers outside 
of that found in standard melt-drawn fibers.  Behr [40] has shown that 
achieving high material properties is possible through  enhanced 
carbonization temperatures and reduced fiber diameter.  Increased thermal 
conditions combined with the lower inter-planar bonds of SPEC fibers 
allowed for increased drawing during carbonization.  This led to smaller fiber 
diameters, alignment of graphene with respect to the fiber axis, and a 
noticeable increase in both the elastic modulus and the ultimate tensile 
strength.[40]  To date, this study represents the only study of SPEC fibers 
that takes into account elevated temperatures (>1500˚C) and alignment of 
graphene domains.   
The works discussed here, representing the vast majority of works published 
on SPEC fibers, show a promising precursor material for low cost carbon 
fiber.  Carbon fibers produced via the SPEC method are capable of achieving 
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high mechanical properties at a potentially lower cost than the current PAN 
based methods.  Higher mechanical properties are achieved with highly 
aligned polymer systems, leading the research in the field to suggest that the 
alignment of the fibers affects the alignment of the graphitic planes in the 
finished fibers.  Sulphonation has been found to disturb this alignment of 
polymer chains, leading to reduced mechanical properties that cannot be 
regained if the fibers are allowed to distort during chemical treatment.  
Therefore, all of the research present in literature suggests that in order to 
achieve high mechanical properties of SPEC fibers, high molecular 
alignment must be maintained through the entire process.  The research also 
implies that the formation of graphitic planes in SPEC fibers is dependent on 
the alignment of the polymer molecules, and that failure to maintain this 
alignment will affect the resultant structure negatively.  Conclusively, the 
structure of the fibers, from PE to SPEC, has been largely attributed to the 
final mechanical properties, though with many of the studies foregoing 
actual measurements of the atomic-scale structuring in the fibers. 
 
2.6 Graphene/Polyethylene Composites 
Since the groundbreaking research on graphene by Novoselov et al. [45] in 
2004, it has garnered incredible attention with a recent Web of Science 
search returning over 90,800 results.  Graphene, consisting of flat sheets of 
SP2 hybridized carbon, has interesting thermal, electrical and mechanical 
properties, leading to it being identified as a material of interest for many 
new applications.  Delocalization of electrons on conjugated pi-bonds allow 
for the transfer of electric current and thermal energy with extremely low 
resistance in-plane.  The ability of the conjugated system to scavenge and 
absorb free radicals has also been documented, identifying graphene as an 
antioxidant.[29]  Indeed, perhaps there are too many remarkable aspects of 
graphene to discuss in a single lifetime.   
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Imaginably, graphene is best known for its strength, which can reach 130GPa 
in plane, and reduces dramatically out of plane in a multi-sheet system due 
to shear of pi-stacked layers.  Due to these mechanical properties, graphene 
has been looked at as a reinforcing filler for composite materials.[21, 23, 27, 
46-50]  In filled composites, Van der Waals forces adhere graphene to the 
matrix, allowing for a transfer of stress to graphene sheets and increasing 
mechanical properties.[21, 23] 
One such use of graphene is as a filler material for polyethylene matrices, 
were increases in melting and solidification temperatures, elastic modulus, 
tensile strength, and thermal degradation temperature have been 
observed.[18, 20, 21, 23, 28, 29, 48, 50]  Previous experiments looking at the 
incorporation of graphene into PE have found the occurrence of 
agglomeration of the graphene platelets.[20, 23]  As the surface area of 
exfoliated graphene can be exceedingly high, the effects of graphene can be 
measured at low filler contents.[20, 21]   
The SP2 character of the graphene sheets contributes highly to overall pi-
stacking and space exclusion.  To remedy this, various methods have been 
developed to prevent the graphene particles from coming into contact with 
one-another.  These have included surface functionalization and grafting, 
and/or adding compatibilizers to the polymer matrix.[51]   
 
Figure 8  Alignment of PE crystal on graphene surface.  Adapted from [21]. 
During crystallization, graphene can serve as a nucleating agent, leading to 
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the epitaxial growth of PE molecules on the graphene with their C-axis in 
parallel to the graphene surface (Figure 8).[21]  This phenomenon has been 
shown on sp2 surfaces, including both graphene and carbon nanotubes.  
Crystal formation proceeds in a folded chain confirmation continuing from 
the surface of the graphene and progressing outwards, signaling that 
polyethylene thermodynamically favors the graphene as a nucleating agent 
over self-nucleating.  The increased stabilization of the system has been 
confirmed with DSC showing increased solidification and melting 
temperatures.[21] 
PE was solidified on the surface of carbon nanotubes in the presence of shear, 
with the amorphous regions being removed via a xylene solvent.[22]  It was 
found that the PE molecules formed folded-chain crystals on the surface of 
the nanotubes, with the polymer chains aligning parallel to the axis of the 
nanotube.  Solidification proceeded in both radial and circumferential 
dimensions, forming crystals that resembled shish kebabs, with the fiber 
being the shish and the crystals nucleating around the tube being the kebabs.  
Solidification in this system began with an extended chain transcrystalline 
region forming on the surface of CNTs and producing a hybrid shish 
structure.  Further condensation of the PE formed folded-chain kebab 
structures that emanated radially from the surface of the hybrid shish.  
Important in this study was the fact that, as shear during processing 
mandated the alignment of the nanotubes within the shear fields, the 
ultimate solidification of PE crystals was textured with the polymer c-axis 
also aligned in relation to the shear axis.  Thus, it was possible to use an sp2 
surface as a template to drive the alignment of PE crystals in the presence of 
shear, and to control that axis by controlling the shear fields.  
 
2.7 Gaps in Knowledge 
To date, research works on the use of polyethylene as a carbon fiber 
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precursor have relied on commodity grade polyethylene without written 
designation of what proprietary additives could be present in the material.  
This could include additives for viscosity reduction, colorants, thermal 
stabilizers, and UV stabilizers, amongst others.  The reaction of PE and 
sulfuric acid involves radical intermediaries, which the additives could affect.  
In particular, the addition of antioxidants for UV stabilization may reduce 
the efficacy of diffused, reactive sulfuric acid, leading to extended reaction 
times or depreciated reaction rates.  The true effect of the additives on the 
stabilization of PE remains a gap in the knowledge towards which the 
research thereof will aid in the understanding of fundamental PE 
sulphonation behavior.  Due to direct interactions with the PE producer, 
Qenos, located in Altona, Victoria, Australia, this project has been able to 
look at PE grades without UV stabilizer (or any other additives beyond traces 
of catalysts), allowing for an intrinsically fundamental latitudinal 
elaboration on the role of polymer grade on the production routes of SPEC 
fibers.  Furthermore, graphene is known as an antioxidant for absorbing 
radicals from species around it.[29]  As this project will be incorporating 
graphene into PE, it needs to be determined if the presence of graphene 
affects the reaction efficacy of sulfuric acid.  Lastly, to test if commercially 
used antioxidants derogate the sulphonation process, fibers will be produced 
with excessive amounts of antioxidants. 




≤ 2160 N.A. ≤ 2673 ≤2 100 ≤ 200 
Modulus [GPa] ≤ 148 N.A. ≤ 139 ≤ 210 ≤26 
Strain [%] 0.7 - 3 N.A. N.A. < 1 N.A. 
Diameter [µm] 9 - 17 N.A. 8 N.A. N.A. 
Density 
[g/cm3] 
2 – 2.1 N.A. 0.97 0.97 0.91 
Carbon Yield 
[%] 
72 – 75 50% 70 – 76 75 - 80 62 - 68 
Source(s) 
Penning et al. 
(1991), Leon y 
Leon et al. 
(2001), Postema 








Dunbar et al. 
(1991), Zhang 
and Bhat (1994) 
Leon y Leon 
et al. (2001), 
Karacan and 
Benli (2012) 
Table 1  Summarized properties of sulphonated polyethylene carbon fibers.  
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Much of the research on PE precursors has been performed on a proprietary 
basis, remaining absent from published literature.  What has been published 
are often values from a single grade of polymer from each contributing 
laboratory, utilizing different times, temperatures, setups, stresses, and 
sulphonation chemicals.  Several studies have looked at a range of time, 
temperature, and stress variables, though due to different PE grades, 
temperatures, and acids, only generalizations can be translated within 
polymer grades, temperatures, and acid systems.  Table 1 has a summary of 
results obtained by the most prominent of published literature, showing 
large differences between polymer grades.  There is a wide distribution of 
reported mechanical values across literature, with a large variation 
specifically in the elastic modulus of produced fibers.  There exists an 
imminent need for a latitudinal study that looks at several fundamental 
grades of PE within the same laboratory, and with the same chemicals, 
production schemes, and measurement techniques.  The proposed grades 
include linear low-density PE (LLDPE), low-density PE (LDPE), and high-
density PE (HDPE). 
During the sulphonation process, it has been identified that the sulfuric acid 
penetrates fastest into the amorphous regions of the PE and then more 
slowly diffuses into the crystalline regions.[16, 17]  The uneven diffusion 
coupled with the high degree of swelling and changes of the chemical 
backbone experienced, leads to warping of the fibers.  During the literature 
review, no articles were found to cross-sectionally map the diffusion of the 
sulfuric acid through the material via spectroscopic, microscopic, or 
mechanical means.  Therefore a gap remains in the knowledge of how the 
diffusion and the ultimate reactions progress beyond externally measured 
generalizations.  Degree of reaction and changes in structure have been 
observed in DSC and WAXS, leading to an accepted methodology or 
measuring the development (or loss) of structure in reciprocal space, though 
without spatial and temporal resolution.  This project has employed methods 
of Raman and FTIR microscopy to understand the movement, oxidation, and 
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PE interaction of sulphur groups within the fibers.  This research has 
provided the first spatial resolve of the sulphonation process and, when 
compared with optical profilometry and TGA, will allow for an 
approximation of how diffusion leads to an ultimately sulphonated, 
stabilized fiber.  As it is believed that graphene may hinder diffusion and 
reactivity in PE while at the same time promoting crystallinity and thermal 
stability, looking directly into the fibers has allowed for an understanding 
that compliments bulk measurements such as TGA and WAXS. As the 
reactions changed the bonding and chemicals present, the effects that the 
sulphonation has on the atomic structure (particularly crystallinity) has been 
developed with WAXS.  Furthermore, no studies have looked at the diffusion 
of sulphuric acid into graphene-filled or antioxidant-filled PE fibers.  Both of 
these additives (in an LLDPE matrix) have been analysed in parallel with the 
grades mentioned previously.  Lastly, developments in atomic structure of 
SPEC fibers has been followed by performing synchrotron-based WAXS in 
situ while the fibers carbonized. 
In the production of PAN-based carbon fibers, the molecules of PAN are 
aligned during the fiber production process.  The alignment aids in the 
formation of graphene domains that are parallel to the fiber axis.  
Subsequent dehydrogenation and denitrogenation allow for the 
development of highly aligned graphene sheets.  In carbon fibers from PE 
precursors, the structure of the fiber is inhomogeneous due to the existence 
of amorphous and crystalline regions in the precursor material.  During 
carbonization, little is known about the formation of the graphene domains 
with respect to the structure of the precursor, with no literature addressing 
the potential or addition of any additives to the precursor.  The project 
described in these pages suggests that the addition of graphene additives to 
the PE precursor may template the alignment of PE molecules during 
drawing, prevent uneven swelling during sulphonation, and facilitate the 
epitaxial growth of graphene domains during carbonization by serving as a 
homogeneous nucleating agent.  Furthermore, little is known about the 
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growth of these domains at higher temperatures in excess of 2000˚C.  To 
date, only two articles have been presented devoted to the development of 
graphene domains of sulfonated PE during the carbonization process, 
though with no mention of graphene as a filler.  A significant aim of this 
research will be devoted to understanding how graphene templating of PE 
crystals contributes (or distracts from) the development of graphene 
domains in carbonized PE fibers.  Furthermore, the study will follow these 
fibers from the traditionally low carbonization temperatures reported in 
literature as they are carbonized at temperatures ~1000˚C to measure the 
low-temperature development of highly aligned graphene and graphene 
domains.   
2.8 Project Objectives 
This body of research has been designed to give a look at the inner working 
of SPE and SPEC fibers in ways that both complement and extend the present 
knowledge on the subject.  This project directly shows that: 
• the diffusion behaviour during sulphonation is a diffusion limited 
process, that the reaction happens rapidly 
• the composition of the fibers follows a recipe in both stabilized and 
carbonized states 
• the degree of crystallization has a direct correlation on the 
sulphonation rate 
• most of the previous sulphonation research with WAXS and FTIR has 
been a measurement of two materials with little correlation as to what 
is happening within only one of the materials 
• graphite can be both oriented and used as a homogeneous template 
for the growth of graphitic layers 
• measurements can be improved in the future 
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The scope of this research has not been directed towards developing 
mechanical properties in the SPEC fibers.  That field is of high importance, 
but due to the holes in earlier research that was often carried out decades 
ago, there was a responsibility to fill in the gaps.  Through three research 
forays at the Australian Synchrotron and an internship at the University of 
Paris-Sud, and significant research at Deakin University, the inner workings 
of the fiber during sulphonation and carbonization have been explored in 
ways not yet shown in published research on the subject.  Indeed, the 
publication of this research is designed to support many of the incomplete 
DOE-based studies that have looked at the subject, with views into the fibers 
with resolution in both time and space.   
Following examination of this body of research, it is the intention of the 
author to support the findings of past inquiries, while providing a new view 
of the scope of processes taking place.  From these results, it is hoped that 
researchers in this field will find the inspiration to support new and 













3 Fiber Production and Experimental Setup 
3.1 Introduction 
In this chapter, the procedure used to convert PE to carbon fibers is 
elaborated on.  The process to produce carbon fibers from polyethylene 
involves three major steps followed in series.  These are: 
1 Production of polyethylene fibers from neat polymers 
2 Sulphonation (stabilization) of those fibers at elevated temperatures 
3 Carbonization at high temperatures 
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This list is not exhaustive, as any number of intermediary steps could be 
employed to achieve desired properties of the fibers, but it is the general 
backbone by which the fibers in this study, and indeed many in literature, 
have employed. 
For this body of research 3 additive-free polymers from Qenos were chosen 
to represent different grades of polyethylene: 
 LL820- a linear low density polyethylene (LLDPE) 
 WRM124- a low density polyethylene (LDPE) 
 HD2090- a high density polyethylene (HDPE) 
 
Two additional samples were made from the LL820 grade PE: 
 AOXLLDE- A combination of LL820 and antioxidant additives 
 GLLDPE- A combination of LL820 and 0.3% graphite by weight 
Getting the fibers from neat polyethylene is rather cut and paste.  As 
described in the work by Behr[40], the production of fibers with smaller 
cross sections will allow for greater mechanical properties to be developed, 
though this has to be balanced with processing conditions applicable to the 
aims of the study taking place.  For the purpose of this study, small fiber 
diameters were not an option, as the additional processing steps could have 
added additional variables. 
In its most basic state, polyethylene is produced as a light, grainy powder.  
As this is not the desired fiber state for this study, one or several steps are 
necessary to turn the powder into fibers through a molten intermediary 
above the melting temperature of generally 120-130°C.  A commonly 
practiced set of steps could involve extruding molten PE and chipping it at 
the plant for shipping, and at another location, extruding and drawing fibers 
from a molten state.  Addition of additives could take place at either of the 
molten phases, though for better dispersion and mixing, earlier additions 




In order to proceed from PE to carbon fiber, the intermediary step of 
stabilization is necessary.  The purpose here is to create such a high degree 
of crosslinking between the molecules that the fibers can survive the 
carbonization while retaining nearly all of the carbon content.  As discussed 
in the literature review, several acids have been used over the years for 
sulphonation, though due to health and monetary concerns, the prominent 
fixture of most research works, and indeed this one, has been highly 
concentrated sulphuric acid.  This acid, when heated to nearly the melting 
temperature of the fibers, has the ability to diffuse into the fibers and react 
with the polymer backbones of the PE.  Taking into account that a 
substantial amount of acid is diffusing into the fibers, the fibers swell by as 
much as 50% their initial volume and contort unless tension is applied.[15-
17, 36]  For this reason, tension was maintained during the sulphonation 
process. 
The last step in converting PE to carbon fibers is realized under high 
temperature.  Carbonization is achieved at temperatures in excess of 600°C 
when all of the atoms that are not carbon have left the system.  In reality, 
temperatures in excess of 1000°C are necessary to achieve reputable 
mechanical strength from the fibers.  A rapid survey of literature on the 
subject directly points to a relationship between the maximum temperature 
achieved during carbonization, and the ultimate mechanical properties 
achieved.[40]  As temperatures increase, though, so do costs, and thus in the 
world of LCCF, a balance must be stricken that optimizes the acceptable 




3.2 Fiber Production 
Grades of additive-free polyethylene were source from Quenos (Altona, 
Australia).  The grades included LLDPE (LL820), LDPE (WRM124), and 
HDPE (HD2090). 
All PE samples were dried in a drying hopper (Dri-Air Industries, USA) at 
170°F for at least 12 hours prior to being pelletized via a Wayne Twin Screw 
Extruder (Melbourne, USA) into 3-5mm pellets using the following 
parameters: 
Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Screw Speed 
380°F 385°F 385°F 395°F 395°F 395°F 150 RPM 
 
Samples of the anti-oxidant (AOX) grade were created here by adding 2.12g 
of Irganox 1076, 1.68g Irgafos 168, and 1.05g zinc stearate to a kilogram of 
LL820 prior to pelletization in the method previously described.   
For graphene enhanced samples, 2.5g of graphene  sourced from Imagine 
Intelligent Materials (Rosebery, Australia) was added to 200ml of xylene and 
ultrasonicated for 30 minutes at room temperature.  Separately, 300ml of 
xylene was refluxed at 100°C with 10g of LL820 pellets under stir until 
dissolution.  The graphite solution was added and refluxed at 100°C for 30 
minutes before cooling to room temperature.  The sample was loaded into a 
vacuum dryer and left for approximately 72 hours.  The resulting PE/graphite 
disc was manually sheared to 3-5mm pieces. 12g of the composite were then 
added to 0.8kg of LL820 in a Wayne Twin Screw Extruder, and pelletized 
into 3-5mm pieces following the process previously described, yielding an 
approximately 0.3% graphite filled PE.  0.3% graphite was selected as to 




Pellets were transferred to a Hills (Melbourne, USA) twin screw extruder 
with an 18 (500µm) hole extrusion die using the following parameters: 
Zone 1 Zone 2 Die Zone 1 Die Zone 2 Die Zone 3 Screw Speed 
420°F 425°F 445°F 450°F 455°F 10 RPM 
 
Fiber uptake was performed via a mechanized godet at the rate of 25m/min.  
spools of fibers were then stored in sealed plastic bags to prevent 
contamination. 
                  
During the fiber production all reasonable steps were taken to ensure that, 
not only were all of the grades prepared under identical conditions, but the 
Figure 9  (Top to bottom, left to right) fibers of LLDPE, GLLDPE, AOXLLDPE, 
HDPE, and LDPE.  Numbered fibers were measured for cross-sectional diameters.  
Scale bar denotes 50µm. 
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fibers within a particular grade were also identical.  Each of the grades of PE 
used in this study were selected, as according to literature provided by 
Qenos, they all had the very similar melt indices of approximately 20g/10 min 
at 190°C.  After the fibers were produced, however, optical microscopy at 40x 
revealed that the fibers had slight differences in fiber diameters.  It should 
be mentioned that although there were differences in diameters, the overall 
fiber shapes remained largely round without serious disparity. 




GLLDPE 33.7 2.69 
AOXLLDPE 31.3 3.26 
HDPE 29.6 1.29 
LDPE 25.0 0.53 
Table 2  List of initial fiber diameters and their standard deviations. 
Table 2 outlines the diameters of the fibers, which was developed by 
measuring 10 fibers from each grade twice, yielding 20 measurements for 
each of the 5 grades, and 100 measurements overall.  The measurements 
found that, overall, the difference between the fibers was, in general, within 
+-10% of the mean diameter, with the exception of the AOXLLDPE.  It should 
be mentioned here that there are many factors that can influence the 
diameter of the fibers, but the one that would have been likely the most 
effective, was the viscosity of the melt in the barrel.  All fibers were drawn by 
an electronically controlled godet at the same rate and all screws were run 
at the same rate, but that does not say that the flow rate (or flux) of the 
molten PE through the die was at the same rate.   
If the viscosity of the polymer under shear were to be lower, then this would 
lower the efficiency of the screw to create pressure for extrusion.  This could 
explain why the diameters of LDPE were measured to be significantly lower 
than the other grades.  Likewise, if the viscosity were higher with good 
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adhesion to the barrel walls, then this would increase the ability to create 
pressure within the barrel.  This could help to explain differences of 
diameters between the fibers that are greater than the standard deviations.  
Further investigation of fibers produced would suggest the implementation 
of equipment with adjustable, measurable flow rate.  Differences of fiber 
diameter within each grade were most likely due to uneven pressures and 
flow across the extrusion die, leading to uneven flow rates from each of the 
die holes.  The remedy for this would potentially be even temperature, flow, 
and pressure across the die. 
3.3 Sulphonation and Carbonization 
 
Figure 10  Sulphonation apparatus used for all samples, consisting of a heat recirculator, sulphonation 
vessel, and trapese for hanging fibers under tension. 
Sulphonation was performed in a purpose-built vessel at Deakin University 
(Waurn Ponds, Australia) at near STP conditions.  The vessel was a 1L 
jacketed beaker manufactured by Lenz Laborglas GmbH (Wertheim, 
Germany).  Heating of the vessel was achieved by circulating heated silicon 
fluid through the jacketed vessel by a Huber CC-202C with Pilot One heat 








recirculator.  The beaker was filled with 1L of 96-98% sulphuric acid obtained 
from Rowe Scientific Pty Ltd. 
 
Figure 11 Sulphonation temperature profile.  Fibers are introduced at RT and heated.  The "0" time is 
considered to be at 1.5 hours, when the temperature reached 120°C. 
Fibers were immersed into the sulphuric acid via a purpose-built PTFE 
submersion device under 0.25MPa tension.  The temperature profile of the 
acid bath followed the profile: 
• Heating from RT to 90°C at 10°C/min, 45 minute dwell 
• 90°C to 110°C at 10°C.min, 45 minute dwell 
• 110°C to 120°C at 10°C/min 
• Samples removed after 1, 2, 3, 4, 5, and 6 hour terms at 120°C 
• Immediate washing in fresh, room temperature water 
Carbonization was performed in a quartz tube furnace at 1000°C with a 
heating rate of 10°C/min in a 99.97% pure nitrogen environment.  Dwell at 
temperature was 10 minutes, after which power was cut from the furnace and 



































In order to study the thermal, mechanical, spectral, structural, textural, and 
time resolve of PE fibers converted to carbon fiber, different techniques were 
utilized.  Investigations took place with both loose fibers and with fibers 
mounted in epoxy.  Care was taken to prevent contamination by storing 




4.2 Thermogravimetric Analysis (TGA) 
 
Figure 12  TA Instruments Q50 TGA apparatus.  Photo from www.labcompare.com. 
TGA was performed on a TA Instruments Q50.  Samples of 5mg to 10mg of 
chopped fibers were placed on a platinum pan and heated at a rate of 
10°C/min from room temperature to 800°C.  The environment was nitrogen 
with flow rates of 40ml/sec at the scale and 60ml/sec at the sample. 
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4.3 Optical Profilometry (OP) 
 
Figure 13  Image of Olympus OLS4100 optical profilometer.  Photo from www.tbbglobal.com. 
OP was performed on an Olympus LEXT OLS4100, utilizing a 50x objective.  
Samples were measured using a 2x digital zoom, with start and end positions 
in the z-axis determined for each sample.  Data was processed with LEXT 
software. 
 
4.4 Single Fiber Testing 
 
Figure 14  Favimat Robot2 (www.textechno.com) 
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The Favimat+ and Robot2 (Figure 14) located in the Carbon Nexus is capable 
of testing for tensile properties and can determine the linear density using a 
vibrational method (ASTM  D 1577).  With this method, the single fiber is 




4 ∗ 𝑓2 ∗ 𝐿2
 
Where Tt is the linear density, FV is the pretension force, f is the resonant 
frequency, and L is the section length. 
Single fiber testing was performed on a Favimat+ with Robot2.  For each 
grade, a total of 25 fibers were mounted and measured using a strain rate of 
2mm/min and gauge length of 25mm. 
 
4.5 Synchrotron-Based Macro Attenuated Total Reflection (ATR) 
 
Figure 15  Image of the IR microscopy beamline at the Australian Synchrotron.  Photo from 
www.ansto.org.au. 
Samples were mounted vertically in epoxy in bundles of approximately 50 
fibers.  Surfaces perpendicular to the fiber axis were ground smooth with 
silicon-carbide media, before polishing with 1µm media.  The ATR 
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measurements were carried out at the Australian Synchrotron on the 
Infrared Microscopy (IRM) beamline.  The beam was passed through a 
Bruker Vertex V80 v Spectrometer together with a Hyperion 2000 FTIR 
microscope and a liquid nitrogen-cooled narrow-band mercury cadmium 
telluride (MCT) detector.  ATR was performed via a macro ATR-FTIR 
germanium (GE) crystal with a 250µm facet.  Scans were made in the 3800-
700cm-1 spectral range initially with a 18x14 low resolution (10µm) scan size 
to locate the fibers of interest, and then with a high resolution (2µm) scan 
over the fiber of interest.  Images were processed on the OPUS software. 
 
4.6 Infrared Scattering Scanning Nearfield Optical Microscopy (sSNOM) 
 
Figure 16  Image of NeaSPEC NeaSNOM machine.  Photo www.neaspec.com. 
sSNOM was performed at the NeaSPEC headquarters in Grosshadern, 
Germany on a NeaSNOM device using palladium-coated silicon tips.  A 
quantum cascade laser provided the mid-infrared excitation.  Spectra were 
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analysed with NeaPLOTTER software.  Images were developed using 
Gwyddion software. 
 
4.7 Raman Spectral Analysis 
 
Figure 17  Renishaw InVia Raman Microscope.  Photo www.renisaw.com. 
Raman measurements were made at Deakin University on a Renishaw InVia 
Raman spectrometer with an argon laser tuned to 514nm.  For mapping 
measurements, 50x optic lens was utilized, with 10% laser power, 1s dwell, 
and a single measurement taken at each point.  Point measurements utilized 
a 100x optic, 10% laser power, 2s dwell, and 32 measurements at each point.  
Results were created with Wire 3.4 software, with point measurement results 




4.8 Synchrotron-based Wide Angle X-ray Scattering (WAXS) 
 
Figure 18  In-situ carbonization of SPEC fibers in a Linkam 1400XY stage at the Australian Synchrotron. 
WAXS was performed on the SAXS/WAXS beamline at the Australian 
Synchrotron using a Pilatus 1M detector, working distance of 715mm, and 
beam energy of 20KeV.   
For single fiber diffraction, the fibers were mounted horizontally in a 
purpose-built 8x5 multi-fiber sample holder.  Samples were brought into the 
beam path via an actuated stage.  Fibers were measured in gapless mode with 
10s measurement times for each of the three frames.  Images were processed 
with Igor Pro software using the Nika macro package developed by Jan 
Ilavsky. 
In-situ heating was performed in a Linkam 1400XY stage mounted in the 
beamline.  Fibers were placed in 500µm-diameter quartz capillaries with 
10µm wall thicknesses and mounted horizontally in the stage, which was 
purged with argon during the experiments.  Heating was performed at a rate 
of 20°C/min from room temperature to 1200°C.  Measurement was 
performed in gapless mode with a 10s measurement time for each frame, 
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with a delay 120 seconds between measurement cycles.  Images were 
processed with the in-house Scatterbrain software.   
4.9 Benchtop Wide Angle X-ray Scattering (WAXS) 
 
Figure 19  Image of a mar345 WAXS detector system.  Photo from www.science24.com. 
All measurements were made at the University of Paris-Sud in Orsay, France, 
within the Laboratoire de Physique des Solides.  WAXS was performed on 
pseudo-parallel bundles at a working distance of 200mm, dwell of 30 
minutes, beamstop positioned 5mm behind the samples, and with a Mar345 
detector.  Images were processed with Igor Pro software using the Nika 
macro package developed by Jan Ilavsky. 
 
Figure 20  Schematic of the process for WAXS 2D image preparation.  Begin with the raw image, 
subtract the empty field, apply a mask, and arrive at the processed image, ready for analysis. 
Processing of 2D images into reputable data was performed by loading 2D 
images into Igor Pro using the Nika macros with a processing streamline 
(Figure 20).  An empty field image (an image made without a sample in the 
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beam path, thus giving an approximation of background created primarily 
by scattering in air) was subtracted from the image being analyzed.  A mask 
is then overlaid on the subsequent image, allowing for calculations across 
the image areas with accurate scattering, while not measuring areas with 
aboration or zero intensity.  Additionally, an image of the detector without 
any beam intensity can be subtracted, though as the noise of the utilized 
detector was relatively low, this was not utilized.  The image is then prepped 
for 1D analysis. 
 
Figure 21  WAXS imaging of graphite-filled LLDPE (GLLDPE).  (Top) 2D plate images of neat polymer 
fibers (Left) and sulphonated for 6 hours (right) with section lines showing the parallel (3 0'clock) and 
orthogonal (12 o'clock) to the fiber axis 1d reduction areas.  (Bottom) 1D reductions of section areas in 
the top 2D images.  Note the decrease in crystalline peaks following sulphonation. 
After 2D images were processed, they were ready for data reduction.  Figure 
21 shows processed images of GLLDPE before and after sulphonation and 
diffraction intensities at select profiles.  1D diffractograms were taken from 
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the 2D images by measuring intensity radially in terms of q or 2θ within 
sectors of specified degrees, which were ±5°.     
 
Figure 22  Example of peak fitting in Igor Pro from profiles collected using the Nika macros.  (Bottom) 
fit peaks, (middle) overlay of measured profile (red) and fit model (blue), and (top) agreement between 
model and measured data. 
 
In order to determine the percentage of crystallinity in the fibers, the 
diffracted image profiles were separated into two categories: crystalline peak 











Figure 23  Azimuthal integration of a GLLDPE sample at Q=1.52 (area within the dashed red line) on the 
(110) polyethylene plane.  The intensity of the profile is plotted below VS. the azimuthal angle.  
Contributions from textured graphite can be seen in the light arcs at the top and bottom of the image. 
Similar to 1D line integrations used to give resolution across the Q (or 2θ) 
range, which begin in the center of the diffraction image and extend radially, 
1D integrations can be performed to understand what is present at a 
particular Q.  Being performed at a particular Q, but across an azimuthal 
angle range, allows for the understanding of which ways scattering media are 
aligned.  In polymers, this can be used to understand how the polymer chains 
and crystals are oriented.  This orientation is often referred to as texturing.  
Figure 23 shows the line profile of the area in red beginning from 0° in 
quadrant 1, and continuing for a complete 360° revolution of the Q=1.52 
region.   From this information it is possible both to qualify and quantify the 
texturing that is taking place in the sample.  In the particular sample shown 
with the (110) peak integrated, the peak having two peak maxima on each 
peak (as opposed to one single, continuous peak maxima) is due to the shish-
kebab structure of the polyethylene. 
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5 Thermal and Structural Information 
5.1 Introduction 
The Sulphonation of polyethylene has not been an inherently complex 
procedure, which is generally accomplished by the submersion of fibers in 
an SO3 rich acid at elevated temperatures.  The acid diffuses into the fibers, 
causes reactions between molecules and contributes to a crosslinked system.  
Thus the process becomes a function of both diffusion and reaction.  Though 
this process can be easily accomplished, there are still large gaps in the 
understanding of how the process proceeds.  In particular, there is a near-
complete lack of literature that performs sulphonation of different grades of 
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PE under identical conditions, thus providing a quantitative basis for 
comparing the different grade sulphonation rates and properties.  
Additionally, the influence of additives, both anti-oxidants and the 
homogeneous nucleating agent, graphite, has been largely ignored. 
Sulphonation was carried out in a purpose-built apparatus constructed at 
Deakin University, and based on a design proposed by De Palmenaer at 
RWTH in Aachen, Germany.  The setup consists of two primary components; 
a jacketed beaker for thermal maintenance, and a PTFE immersion device 
designed to keep the fibers organized whilst they are submerged in sulphuric 
acid.  Additionally, weights added to the fiber strands during sulphonation 
assisted in maintaining a stress of 0.25MPa during the process. 
In this chapter, the development of thermal and structural properties is 
investigated.  This is accomplished by the use of TGA to determine how the 
sulphonation has progressed relative to the grade of PE and the additives 
present.  Optical profilometry looked at the surfaces of polished fiber cross-
sections as to understand the changes in abrasion resistance with 
sulphonation.  Lastly, single-fiber tensile tests were performed on SPEC 
fibers to compare the developments in mechanical strengths between the 
different grades. 
It is the aim of this chapter to: 
1. Be the first body of literature to compare the production of LDPE, 
LLDPE, and HDPE based carbon fibers under identical conditions. 
2. Qualify the different stabilization rates of the fibers with regards to 
grade and additives. 
3. Determine if antioxidants impacted the stabilization rate of the fibers. 
4. Discuss how the polymer confirmations affected the developed 
mechanical properties at the sulphonation and carbonization stages. 
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5.2 Thermogravimetric Analysis 
In literature, the thermogravimetric analysis (TGA) behaviour of 
sulphonated PE has been measured for several grades, though without 
continuity between the grades and research institutes performing the 
research, there have been no longitudinal studies made with identical 
sulphonation parameters AND different grades.[15-17]  While it is known 
that increased stabilization of PE results in increased TGA residual mass, 
without identical preparation parameters, the degree by which the treatment 
affects the different fibers could not be quantified.   
The following TGA tests were carried out in a TA Instruments Q50 TGA 
using a nitrogen purge and heating ramp rate of 10°C/min up to 600°C for 
pure polymers and 800°C for sulphonated polymers.  To account for the 
dehydration of the hygroscopic sulphonated fibers which would greatly 
affect the overall mass loss % results, the fibers were normalized for their 
100% mass to be measured at 120°C.   
 
Figure 24  TGA of unsulphonated  PE fibers. 
In their initial states, PE fibers (Figure 24) exhibit TGA behaviour marked by 




nearly identical between all grades of PE, though the higher the degree of 
crystallinity of the PE, the higher the onset temperature of the loss.  As 
measured in the PE grades of this study, this behaviour was seen when 
comparing HDPE to LDPE.  GLLDPE was found to have a slight increase in 
the temperature of degradation, which has been linked to a reduction in the 
ability of the degradation products to diffuse out of the material, and an 
increase in the overall crystallinity. 
 
Figure 25  TGA of sulphonated  LLDPE fibers.  S1 is sulphonatedfor one hour, with treatment duration 
increasing up to 6 hours in S6 
Successful carbonization of PE fibers from the polymeric form to that of 
carbon fibers requires a stabilization stage.  Previous studies have found a 
relationship between the degree of crystallinity and the rate of 
sulphonation.[14]  The progression of sulphonation in LLDPE fibers (Figure 
25) proceeded in a stable manner, which will present as the central 
comparison as a grade of PE.  As the LLDPE heated, initial amounts of SO2 
were evolved in the region of 150C to 250C, and the degree to which this was 
released increased with increased degrees of sulphonation.  Further heating 
evolved more of the sulphur-based products, unstabilized carbon and 
hydrogen products, and shorter chains of the PE biproducts.    Initial 
stabilization presented a small amount of the polymer that remained after 























the boiling point of the original PE.  As the sulphonation progressed, the 
amount of the carbon that remained after the heating phase increased to 
around 33% for the samples treated for 6 hours.  It deserves to be noted that 
the remaining mass after a TGA measurement is most closely related to a 
pure carbon, while the mass of the initial experiment includes that of sulphur 
and oxygen which are heavier atoms.  If we hypothesize that the initial 
material of the fibers were one SO3 group for every 5 CH2 mers in the chains, 
then the theoretical carbon content would be 47% of the initial mass.  And 
it can be seen that loss of carbon would happen most easily in under-
sulphonated systems, where the carbon molecules are not fully reacted and 
may boil off.  Furthermore, samples that are fully-sulphonated would 
experience an increase in mass through the additional sulphur and oxygen 
content.  Thus, it can be inferred that as samples are more completely 
sulphonated, which results in a modest increase in residual TGA mass, the 
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actual atomistic carbon that remains is much greater (lower starting carbon-
content %, higher residual mass). 
 
Figure 26  TGA progression of sulphonation in GLLDPE, AOX LLDPE, LDPE, and HDPE with 0-6 hours 
of treatment. 
Similar to LLDPE, the other grades of GLLDPE, AOX LLDPE, LDPE, and 
HDPE exhibited similar behaviours (Figure 26) during sulphonation as 
measured with TGA.  All of the grades exhibited increased mass loss prior to 
the PE boiling point in the 400°C and 475°C range, and a reduced mass loss 
after the boiling point as the temperature approached carbonization 
(>600°C) temperatures.  The degree of this stabilization increased with each 
successive hour of stabilization in H2SO4, permitting the behaviour of the 




















































































resultant TGA curves at higher sulphonation to be that of a continuous curve 
with a significantly lower mass loss due to boiling off of PE. 
 
Figure 27  TGA results of all grades of PE sulphoated for 6 hours. 
When comparing all grades of PE measured in this study, the differences in 
the TGA behaviour of the fibers sulphonated for 6 hours (Figure 27) can be 
clearly resolved.  The higher crystallinity of the linear molecules of HDPE 
reduced the rate of sulphonation of the fibers, leading to a higher mass loss 
in the 400°C to 475°C range and an overall reduction in the fiber yield in this 
study.  LDPE, on the other hand, experienced a higher degree of 
sulphonation due to the rapid diffusion of sulphuric acid into the polymer 
fiber cores.  The resultant behaviour in TGA is that LDPE has the lowest mass 
loss due to PE boiling out and the highest overall residual mass at 800°C.  In 
fact, the amount of LDPE that remained following the TGA was higher than 
any of the other fibers, signifying that LDPE was the ‘easiest’ to stabilize the 
carbon mass. 
Predictably, the LLDPE samples with limited chain branching exhibited 
behaviour between that of LDPE and HDPE.  Comparison of the different 
types of LLDPE identified some interesting behaviours.  The inclusion of 
antioxidants would potentially have reduced the ability of the sulphonation 





















to proceed as quickly in the fibers by reducing the radical-based stabilization 
in the LLDPE.  This would be measured by a higher mass loss in the 400°C 
to 475°C range, which was witnessed in such samples, leading to the 
potential identification of an effect of the antioxidants preventing chemical 
stabilization.  In the fibers with graphite added, the rate of mass loss was 
lower, signalling that the graphite may potentially serve to stabilize the 
LLDPE during carbonization, and may assist in some manner to increase the 
reaction rate of the PE molecules with themselves and/or the graphite.  It 
should be noted that the GLLDPE fibers did include 0.3 weight percent 
graphite, which would not be expected to be lost during heating, though as 
this is a system with added (heavy) sulphur and oxygen molecules, the actual 
proportion of graphite in the fibers would be significantly less than 0.3% by 
weight and would not have contributed much more to the residual weight. 
 
5.3 Optical Profilometry 
In the previous chapter, optical microscopy methods were used to determine 
the cross-sections of polymer fibers.  Optical measuring methods have long 
been appreciated for their ease of performance and their result being 
something that exists in real space; natural to the human eye (and existence).  
In terms of sulphonated carbon fibers, it was seen with OM on the surfaces 
of the partially sulphonated fibers that the PE and sulphonated areas 
polished differently.  This led to a topology on the polished samples that was 
uneven, and later would be found to produce difficulties with other methods 
due to the surface texturing (chapter 6).   
In order to better understand the topology of the fibers surfaces of the 
polished samples, optical profilometry was performed for all of the fibers, 
providing a view into what was happening in the fibers at their respective 
states.  It can be imagined, similar to a Moh’s hardness test, that materials 
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that are prone to abrasion will be removed at a higher rate than those that 
are more abrasion resistant when subjected to an incidence of abrasion.  In 
the case of these samples, mechanical grinding and polishing performed in 
preparing the cross-sectional faces contributed to the attrition on the fibers.  
Polymeric PE, being particularly resistant to abrasion, would abrade away 
less rapidly than the reacted and brittle sulphonated areas.  This lead to 
topological gradients on the surface of the polished surfaces, which 
represent the change in sulphonation. 
 
Figure 28  Optical profilometry of LLDPE fibers.  (From left to right, top to bottom) Fibers sulphonated 
for 0, 1, 2, 3, 4, 5, 6 hours, and carbonized.  Scale: blue to red (low to high, respectively) 
In Figure 28 the polished cross-sections of an LLDPE fiber can be seen.  
While the initial PE sample polished rather smoothly without much of a 
gradient, it is easy to see that continued sulphonation reduced the abrasion 
resistance of the fibers in the reacted areas.  In comparing the results of the 
S6 sample with that of the carbonized sample, it can be seen that the center 
of the fiber that remained un-reacted was similar to the area that was lost 
during the carbonization.  Consequently, it could be inferred through this 
analysis that the progression of the sulphonation (and ultimate fitness of the 
fibers to survive the carbonization process) could be monitored by the 
change in abrasion resistance, though this is definitely a form of destructive 
testing with significant preparation.   Analysis of the fully carbonized sample 
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suggests that the parts of the fibers that survive the high temperatures have 
a more homogeneous cross-section than the sulphonated fiber. 
 
Figure 29 Optical profilometry performed on an HDPE fiber.  (From left to right, top to bottom) Fibers 
treated for 0, 1, 2, 3, 4, 5, 6 hours, and carbonized.  Scale: blue to red (low to high, respectively) 
In the case of HDPE (Figure 29) the progression of the sulphonation 
occurred much slower, leading to a reduced sulphonated-layer thickness 
when compared to LLDPE (Figure 28).  Sulphonation was unable to 
complete in the 6 hour sulphonation, leading to this large unreacted (and 
abrasion resistant) area remaining in the center of the fiber.  During 
carbonization, this area was lost, creating a fiber that was inherently 
defective, split, and clandestine for low mechanical properties. 
 
Figure 30 Optical profilometry performed on an LDPE fiber.  (From left to right, top to bottom) Fibers 
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treated for 0, 1, 2, 3, 4, 5, 6 hours, and carbonized.  Scale: blue to red (low to high, respectively) 
In Figure 30, a LDPE filled fiber can be seen progressing in its sulphonation.  
The growth of the sulphonation layer, as opposed to that found within the 
HDPE or LLDPE samples, progressed much faster leading to a near-
homogeneous polished face at the 5 and 6 hour marks.  This allowed for a 
fully stabilized SPE fiber that carbonized evenly, albeit, with the ‘Pac Man’ 
split.   
 
Figure 31 Optical profilometry performed on an AOXLLDPE fiber.  (From left to right, top to bottom) 
Fibers treated for 0, 1, 2, 3, 4, 5, 6 hours, and carbonized.  Scale: blue to red (low to high, respectively) 
 
Figure 32 Optical profilometry performed on a GLLDPE fiber.  (From left to right, top to bottom) Fibers 
treated for 0, 1, 2, 3, 4, 5, 6 hours, and carbonized.  Scale: blue to red (low to high, respectively) 
77 
 
The roles of additives were also looked at in Figure 31 and Figure 32.  Both of 
the LLDPE samples with additives progressed with a similar philosophy as 
the neat LLDPE sample.  While this does not give a direct nod to the benefit 
or derogation of additive addition, it does say that precursors, produced with 
similar recipes, will not temporally benefit from the addition of these 
additives.  In particular, no benefit was witnessed in the AOXLLDPE 
samples, which gives a nod to the industrialization of LCCF from SPE 
precursors, that antioxidants may not be of necessity, nor benefit. 
 
5.4 Mechanical Analysis 
Unquestionably, the greatest use of carbon fiber is in applications where it is 
utilized for its great mechanical properties.  There is no one best fiber, 
instead, fibers can be tailored in terms of price and mechanical properties to 
better fit an application.  In the field of low cost carbon fibers, the aim is to 
achieve carbon fibers at minimal cost while keeping the mechanical 
properties potentially respectable.  It is in this light that while PE fibers have 
the potential to compete with the costs of PAN fibers, the mechanical 
properties have remained low enough as to not make them a formidable 
competitor.  Furthermore, due to the high investment costs of building a 





Figure 33  Elastic moduli and tensile strengths of different grades of PE, and with additives.  Error bars 
denote one standard deviation. 
Carbon fibers of all samples were tested (Figure 33).  These were fibers that 
were sulphonated for 6 hours under 0.25MPa tension, before being 
carbonized for 10 minutes at 1000°C in a nitrogen (99.97%) environment 
without tension.  Strikingly, all of the fibers had mechanical properties 
around an order of magnitude less than commercial IM carbon fibers.  
Between the fiber grades, there was a great degree of difference, with the 
LLDPE and LDPE fibers achieving mechanical properties significantly higher 
than the HDPE fibers.  This is most likely due to the low degree of 
sulphonation achieved in the HDPE fibers in the 6 hour period at 120°C, 
whereas this was sufficient to fully (or near fully) sulphonate the other two.  
Because of the low degree of sulphonation, the fibers were left hollow 
following carbonization.  This high degree of imperfection, combined with 
the split nature that the fibers already entertained, meant that the fibers had 
plenty of defects to promote catastrophic failure at low tensions.  Thus while 
HDPE had an elastic modulus (intrinsic property) that was on-par with the 
other samples, the average force at failure was very low (extrinsically 
influenced).   






















































LDPE, which sulphonated more rapidly than the other more crystalline 
polymers, achieved full sulphonation and mechanical properties that rivaled 
those of HDPE and LLDPE.   A low standard distribution was measured for 
the elastic modulus of LDPE, which is a sign that the material was being 
measured, instead of imperfect surface profiles.  From the testing standpoint, 
it was clear that LDPE was the most “user friendly” of the produced fibers, as 
they were the least brittle, and had the fewest premature failures during fiber 
measurement. 
LLDPE fibers achieved the highest measured average elastic modulus, 
though LDPE had a significantly smaller standard distribution.  The addition 
of graphite to the GLLDPE sample was not found to have an overly profound 
effect on the achieved mechanical properties, whereas the AOXLLDPE 
sample was found to have significantly reduced elastic moduli and tensile 
strengths.  Later (Figure 58) it is shown that the sulphonation rate was not 
altered significantly compared to LLDPE, though in Figure 59 it is shown 
that the sulphonation of AOXLLDPE had much more pronounced early 
reduction in crystallographic texturing.  Though this would not lead to a 
reduced degree of sulphonation, the change in polymer orientation during 
sulphonation may have been a contributing factor to the reduced 
mechanical properties witnessed.   
It is important, when looking at these results, to understand that this head-
to-head analysis is not a perfect experiment.  There have been significant 
works that have looked at the effects of time, temperature, fiber diameter, 
tension, and temperature on mechanical properties.[12-17, 34-41]  The 
purpose of these mechanical tests were to show the effects of identical 
processing conditions on the fibers, and how this would impact the fibers in 
a head-to-head comparison with the fewest variables allowed.  Furthermore, 
it is not the desire of this body of work to try to identify the best processing 
conditions for each fiber, it is to compare information on how the different 
fibers responded to controlled processing conditions.  While it is known that 
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the degree of crystallinity of a sample will inhibit the sulphonation process, 
this has never been carried out before under identical conditions for 
different polymer systems, leaving the science to appeal to the art.[14] In the 
following chapters, the influence of the sulphonation process, additives, and 
polymer grade will be investigated in detail.   
 
5.5 Summary 
The process of stabilization via sulphonation involves a strong chemical 
reaction that leads to a great change in the mechanical and thermal 
properties of the fibers.  To better understand how this would affect the 
different grades of PE, as well as those with graphitic and antioxidant 
additives, analysis has been undertaken with TGA, optical profilometry, and 
single fiber mechanical tests.   
With TGA, it was visible, as has been shown in previous literature, that the 
amount of stabilization increased with the treatment time, which should be 
expected.   As the amount of material successfully stabilized in the fibers 
increased (as per treatment time), the amount of material that was 
remaining after the TGA simulated carbonization process increased.  When 
this was tried across the different grades of PE, it was found that the rate of 
sulphonation was LDPE > LLDPE > HDPE.  While this, too, was expected, 
because of the great spread of results across different literature sources, it 
was unknown by how much the grade would affect the rate.  The results from 
this chapter paint a clear picture that, indeed the grade of the PE does 
influence the rate of the sulphonation.  Furthermore, this could be mirrored 
to say that the grade of PE would influence the amount of SPEC for a given 
period of stabilization.  In LLDPE, the addition of antioxidants was found to 
slightly reduce the rate and magnitude of sulphonation, which was seen by 
the increased mass loss across the TGA measurement, which was attributed 
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to potentially preventing the sulphonation reaction.  The addition of 
graphite to LLDPE, oppositely, was seen to have a potentially favorable 
increase in the rate of sulphonation, with a slower rate and magnitude of 
mass loss, though this was marginal, at best. 
Optical profilometry allowed for the surfaces of the fibers to be resolved with 
topological resolution beyond the limits of optical resolution.  When the 
fibers were cross-sectioned and the surfaces were polished, the changes in 
abrasion resistance of the sulphonated areas and unreacted polymer cores 
were easily resolved.  As with the TGA, increased sulphonation times 
promoted the depth of reaction, and the grade of the fiber affected the rate 
of sulphonation: LDPE > LLDPE > HDPE.  Though this method was highly 
subjective in nature, it did allow for the rapid visualization of the progression 
of the reacted area in a non-destructive method (though the initial mounting 
and polishing was innately destructive) other than traditional optical 
microscopy.  Furthermore, this method did show that as the sulphonation 
progressed, that the abrasion resistance did change accordingly.   
Following carbonization of the fibers, it was easily seen that the production 
of high-quality SPEC fibers can only follow a properly executed stabilization 
process.  As this was not necessarily achieved for the fibers created, tested, 
and measured in the same manner, measuring single fiber tests provided a 
greater look at what could be achieved in a specific process.  The faster 
diffusing and reacting LDPE was able to achieve full stabilization (as shown 
optically) in the 6 hour stabilization.  This lead to LDPE SPEC fibers that had 
higher mechanical properties than those of HDPE SPEC fibers, which did not 
achieve fully stabilized cross-sections.  LLDPE SPEC fibers achieved 
significantly higher mechanical properties than the LDPE SPEC fibers, which 
did suggest (as both of these are faster sulphonating than HDPE) that 
potentially more research should be carried out on LDPE fibers to see if their 
mechanical properties could be improved.  In terms of additives, GLLDPE 
fibers were able to fully stabilize and posted mechanical properties that were 
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not significantly different than the LLDPE base fibers.  On the other hand, 
AOXLLDPE fibers were potentially a little slower to stabilize, and resulted in 
fibers that were much weaker than the other LLDPE-based fibers.  As a side 
note, the AOXLLDPE fibers were exceptionally brittle to work with and often 
broke catastrophically when touched, making working with them positively 
difficult.  For the reasons expressed here, the use of anti-oxidants in PE CF 
















6 Progression of Sulphonation 
6.1 Introduction 
This chapter is devoted to studying the interactions of PE, SPE, and SPEC 
fibers with electromagnetic radiation, and was performed with absorption-
based methods.  Throughout this chapter, different types of spectroscopy are 
used to try to better understand how the sulphonation process develops and 
what is happening as it reacts.  These types of spectroscopy have included 
Fourier transform infrared (FTIR) and Raman spectroscopy.   Both work by 




Figure 34  Comparison of IR absorption and Raman scattering. 
FTIR and Raman vibrational modes differ in the means by which they 
interact with the samples (or how they deliver signal to the detectors, if that 
view is taken).  FTIR works by measuring the absorbance of a material in 
response to the generation of a dipole moment in the atomic bonding.  This 
works well with hetero-nuclear functional groups, polar bonds, and has high 
sensitivity for those of OH bonds.  On the other hand, Raman spectroscopy 
is an inelastic scattering phenomenon which works by measuring the relative 
frequencies at which a sample scatters radiation.  In Raman, the modes 
measured are of polarizability of the bonding, making it particularly well 
suited for measurement of homo-nuclear bonding (C-C, C=C, C≡C, etc.).  
Both of these methods can be implemented at single spots, or rastered across 
samples to provide maps or depth profiles.  Together, these two methods of 
measurement allow for the study of a wide range of material bonding 
phenomena that, when measured spatially, tell a story about what chemicals 
are present, where chemicals are located, where chemicals are moving, what 
reactions are taking place, evolution of competing processes, and more as 














Figure 35  Diagram of sSNOM process, showing sample dipole and scattered light. 
Indeed, there are many properties that can be inferred by the use of, or 
combination of, these methods.  A new and developing technique, capable 
of performing FTIR measurements with nano-scale resolution is Scanning 
Near-field Optical Microscopy (SNOM) (Figure 35).  SNOM utilizes a sample 
dipole created while a laser interacts with a metallically-coated AFM tip 
positioned near the surface of the sample.  The effect of this is a nano-scale 
resolution that is far below the Abbe diffraction limit.  As this technique can 
be performed on an apparatus capable of performing simultaneous SNOM 
and AFM measurements, different information can be realized concurrently.  
These can include chemical bonding, topology, viscoelastic and optical 
properties, electrical properties, and many more as the imagination is 
applied.  A review can be found here: [52]. 
With techniques utilizing FTIR, Raman, and SNOM, this chapter will probe 






6.2  Synchrotron-Based ATR Microscopy 
 
Figure 36  (Left) low resolution ATR microscope image of LLDPE fibers sulphonated for 6 hours in the 
3000cm-1 to 2800cm-1 range, and (right) the optical image of the same area.  Shifting during the 
insertion of the ATR crystal accounts for the slight shift.  These maps were produced as a means of 




3,400 OH stretch 
2,916 CH stretch (antisymm.) 
2,848 CH stretch (sym.) 
1,700-1,600 C=C stretch 
1,600-1,580 C=C-S stretch 
1,350-1,330 CH bending 
1,170 O=S=O stretch (antisymm.) 
1,040 O=S=O stretch (sym.) 
900 S-O-C stretch 
575 C-S stretch 
Table 3  Selected FTIR peaks for unsulphonated and sulphonated polyethylene. Adapted from 
DePalmenaer  et. al. 2016 
The first of these methods was via a macro ATR-FTIR microscope at the 
Australian Synchrotron.  This type of mapping allowed for the measurement 
of spectra with high resolution and provided information on the locations 
and types of bonding present at specific locations.  ATR microscopy was 
performed in a purpose-built setup, and images were processed on Bruker 

































microscope employing a germanium crystal, though with a synchrotron-
based light source.  Initially low-resolution maps were made of the area in a 
rapid 18x14 scanning pattern with a rapid 4-measurement accumulation at 
each point (Figure 2).  This provided an overview of where the location of 
the crystal was following its application.  In all measurements the mis-
alignment was measurable, though highly manageable.  From the low-res 
images, the approximate locations of the fibers were determined, and a 
higher resolution map was produced of the selected fiber.   
 
Figure 37  (Left) Example of the spot measurement mapping in the 1770cm-1 to 1660cm-1 region of an 
AOXLLDPE fiber sulphonated for 6 hours.  (Right) The same measurement plotted in a ‘continuous’ 
mode provides a more interpolated smoothing of the map, with the color scale describing the 
progression of the color scheme. 
Images of the fibers were created with the ‘mapping’ of finite measurements 
at locations across the prescribed measurement area (Figure 37).  At the 
sample, the functional resolution, or spot size, was about a 3µmx3µm circle.  
To assist with producing clearer representations of the samples, an overlap 
allowed for cleaner images.  When all the spot spectral measurements had 
been acquired and correlated to their respective locations, mapped images 
were made.   
Two things were immediately clear from the imaging of the LLDPE fibers; 



































































































































signature that could be spatially identified on the chemical maps, and that 
the first images made of LLDPE required further pressure to ensure proper 
contact between the crystal and the polished surface.  To allow for the 
samples that were sulphonated for 1 hour to at least be visually presented, it 
has been chosen to present those images with the 3000cm-1 to 2800cm-1 
range integrated (representing the C-H stretch oscillation).  Samples were 
also subjected to higher pressures for the GLLDPE, AOXLLDPE, LDPE, and 
HPDE fibers.  Signal profiles of the fibers agree that the reacted PE was 
significantly less abrasion resistant than the unreacted PE cores and 
mounting epoxy, which has been supported with optical profillometry in the 




The gap between the height of the unreacted and reacted PE was overcome 
by the application of further pressure.  For samples of PE with higher degrees 
of sulphonation, the depth of reacted PE that was removed was larger, 
Figure 38  Sulponation advancement in an LLDPE fiber.  (Left to right, top) 1 hour sulphonated integrated 
over the 3000cm-1 to 2800cm-1 range, followed by 2 and 3  hours sulphonation in the 1770cm-1 to 1660cm-1 
range.  (Left to right, bottom) 4 hour sulphonated integrated over the 3000cm-1 to 2800cm-1 range due to a 
lack of contact, followed by  5 and 6  hours sulphonation in the 1770cm-1 to 1660cm-1 range. 
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especially at the SPE/epoxy interface, and thus the degree of pressure needed 
to ensure contact was larger. With improved attempts to provide better 
contact, there was still the problem of inconsistent contact across the 
samples.  This led to the formation of images with inconsistent IR intensities 
of images from one part of the fiber to the other.  Though the images appear 
to suggest a difference of intensity, this gradient should be viewed as a 
measurement issue and not an actual property of the fibers.  Therefore, areas 
with highest intensities should be seen as having the most representative 
signals. 
The last aspect of the fiber ATR-IR images that needs to be addressed is the 
“Pac-Man” shape in the images.  Fibers are fractured at the fiber surface, 
continuing to the PE centre.  This is attributed to the rapid transfer of the 
fibers from the sulphuric acid to a wash bath while still hot.  Rapid shrinking 
led to the break in the structure, explaining why none of the breaks appear 
to show reaction of chemical past the tip of the crack.  Care will thus need to 
be taken to ensure that the fibers are cooled before washing, and washing 
less intensely or rapidly in the future.   
 
Visually examining the philosophy of the sulphonation of the fibers treated 
for 6 hours (Figure 40), there were potential differences caused by 
differences in diameter.  In the 3 fibers made from LLDPE, differences in the 
rate of sulphonation are difficult to resolve due to physical differences 
between the fibers.  What can be seen and inferenced from x-ray data (Figure 
58) is that there is a difference between the rates of sulphonation, with HDPE 
Figure 39  Images of fibers sulphonated for 6 hours.  Left to right: LLDPE, GLLDPE, AOXLLDPE, 
HDPE, and LDPE.  Throughout the measurements, it was found that the pressure used affected the 
signal strength, and was increased, leading to clearer imaging. 
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being slowest, LLDPE in the middle, and LDPE being the fastest.  What is 
also apparent, is that the images do not suggest that the formation of C=C 
bonds to have a gradient through the fiber cross-section.  If the process were 
reaction limited, then there would be the potential to improve the process 
by increasing the reactivity of the fibers.  For the fibers measured, the lack of 
a reaction gradient suggests that the process is diffusion limited.  Taking 
these observations into account, three remarks are being offered: 
1. The process by which the sulphonation progresses is diffusion 
limited, and not reaction limited. 
2. The locations of C=C formation is not a gradient, but the remains of 
a passed front. 
3. The results of X-ray crystallographic measurements would describe 
areas that have not yet seen sulphonation, as that would have 
resulted in a change of structure in the bi-component fibers. 
An aim of this body of research is to look at the effects of additives and their 
effects on the diffusion and reaction within measured fibers, with the results 
exhibited in Figure 40.  From the results, which as described earlier have a 
subjective nature, no serious reduction in sulphonation rate was noticed in 
comparison of the GLLDPE and AOXLLDPE images with those of neat 
LLDPE.  From a processing and product creation point of view this does not 
say that the additives were ultimately helpful or derogating, but dually does 
not support their incorporation as beneficial to the sulphonation process. 
At the two ends of the spectrum explored in this work, LDPE and HDPE 
supported the fastest and slowest (respective) promotion of sulphonation 
reaction fronts (Figure 42).  While this was expected (and agrees with the 
other measurements made via WAXS in the next chapter) it is highly 
beneficial to see that the changes in reaction rate are due to differences in 
the reaction fronts, and not that of reduced sulphonation rates of the bulk.  
An important observation, is that LDPE achieved complete sulphonation, 
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while HDPE remained roughly ¼ unsulphonated by area, which agrees with 
the WAXS results obtained in Figure 58.  This suggests that prior ATR-FTIR 
work may have looked at a reacted/unreacted composite and not a reacting 
bulk. 
 
Figure 40  GLLDPE (top set) and AOXLLDPE (bottom set) sulphonation progression. Images in each 
set are arranged: (Left to right, top) 1 hour sulphonated integrated over the 3000cm-1 to 2800cm-1 
range, followed by  2 and 3  hours sulphonation in the 1770cm-1 to 1660cm-1 range.  (Left to right, 




Figure 41  HDPE (top set) and LDPE (bottom set) sulphonation progression. Images in each set are 
arranged: (Left to right, top) 1 hour sulphonated integrated over the 3000cm-1 to 2800cm-1 range, 
followed by  2 and 3  hours sulphonation in the 1770cm-1 to 1660cm-1 range.  (Left to right, bottom) 4, 




6.3 Different Spectra and Maps of a Partially Sulphonated Fiber. 
 
Multiple studies have looked at the use of FTIR to unravel the proceses by 
which the fibers sulphonate, though none of these have looked diretly at the 
fiber internals during the process.[9, 10, 35, 53]  In the previous sections, it 
has been shown that the propagation of sulphonation is a radially-
proceeding reaction, in that it commences at the surface and continues to 
the core with increased diffusion time.  The use of surface-based methods, 
such as traditional benchtop ATR-FTIR machines, really only provides  a 
Wavenumber 
(cm-1) 
Figure 42  Macro-ATR generated image integrated across the 1764cm-1 to 1659cm-1 wavenumbers 
range, and spectra at different points of an HDPE fiber sulphonated for 5 hours.  Spectra colors 
relate to the colored positions in the image.  Here, color intensity relates to the C=C bond. 
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limited view of the propagation in space and time.  In order to follow some 
of the reactions, a partially-sulphonated model fiber has been selected to be 
analyzed in the macro ATR mapping methods that were previously utilized, 
though different wavelength maps will be examined for their spacial 
signatures.   
 
To accomplish this, three model locations have been selected.  Their spectra 
are seen in (Figure 43).  From the spectra, wavenumber ranges were selected 
and their areas were integrated.  From the results, philosophical (as opposed 
to quantitative) arguments can be made on the chemical changes within the 
(initially) PE fibers as sulphonation proceeds.  In Figure 44 the superposition 
of maps relating to the bonding of C=C-S and C-H are seen to fit together as 
the “lock and key”.  As the process of sulphonation proceeded, the presence 
Figure 43  Overlay of HDPE S5 1675-1514cm-1 and 3006-2762cm-1 integrations, representing C=C-S and 
C-H stretch oscillations, respectively.  Note the minimal gradient between chemical signatures. 
95 
 
of C-H bonds reduced as carbon groups reacted with the sulphuric acid and 
developed pi bonds with neighboring groups.  Analysis of this map, without 
much of a gradient separating  the two.  This supports the model that 
diffusion, and not reaction, stands as the limiting factor.  Should this system 
experience a reaction-limited process, it would be expected that the 
chemical signature of sulphuric acid would “out-run” that of the reacted 
C=C-S bonds, while forming a gradient.  
 
To test whether or not the acid was moving significantly faster than the 
reaction of the acid, maps of O=S=O and C=C-S were overlaid in Figure 45.  
Together, the maps overlaid almost perfectly, giving another nod to the idea 
that the reaction was proceeding at the rate of the diffusion.  Applying the 
chicken and the egg analogy, diffusion must preceed reaction, as a chemical 
that has not arrived yet cannot be present.  As the chemicals that had 
Figure 44  Overlay of 1050-1020cm-1 and 1675-1514cm-1 of an HDPE fiber sulphonated for 5 hours, 
illuminating the O=S=O and C=C-S bond oscillations, respectively. 
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diffused shared an occupied area with the reacted area, the last process to 
examine was that of the diffusion of the sulphuric acid, and that of the the 
C-H bonds being reduced by reaction.  
 
In Figure 46 the overlay of C-H oscillation integration and that of O=S=O 
oscillation integration share the same border (bright green), thus further 
supporting the narrative that it is the diffusion of the sulphuric acid that has 
limited the reaction of the fibers, and not that of reaction rate.   
From Figure 44, Figure 45, and Figure 46 three main points can be drawn.  
The first is that the diffusion and reaction of the sulphuric acid in the HDPE 
grade polymer appear to proceed at roughly the same rate.  The second is 
that the reduction of hydrogen from the system agrees with the rate of 
diffusion of the sulphuric acid.  Lastly, the third is that hydrogen is not 
Figure 45  Overlay of 3006cm-1-2762cm-1 and 1050cm-1-1020cm-1 integration maps of an HDPE fiber 
sulphonated for five hours illuminating the C-H and O=S=O stretch oscillations, respectively. 
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proliferated from the system prior to the arrival of sulphuric acid, signifying 
that the process required the presence of local sulphuric acid to react, and 
was not supported by reaction from, say, a radicallized polymer reaction in 
front of the diffusion.   
6.4   Chemical Bond Signal  in a Highly Reacted Fiber 
 
Figure 46  Images integrations of (top left) 1770-1660cm-1, (top right) 1075-986cm-1, (bottom left) 3009-
2829cm-1, and (bottom right) line intensity profiles of maps with respective colors, of an LDPE fiber 
sulphonated for 4 hours. 
The previous map overlays related to the diffusion and reaction within HDPE 
fibers.  It was known that, due to the highly crystalline nature of the HDPE, 
that these fibers would potentially experience the most impeded diffusion of 
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the fibers tested.  This meant that looks within the fibers would show the 
effects of reduced diffusion.   
To get a better idea of what less-impeded reactions of a fiber would look like, 
LDPE sulphonated for 4 hours (S4) was imaged and the results analysed with 
Gwiddion software for line profiles.  The results are shown in Figure 46.  As 
experienced in the HDPE, the formation of C=C bonding and O=S=O 
followed nearly identical special profiles.  When compared to that of the C-
H bonds, the presence of O=S=O (and indeed that of C=C) decreased where 
there was still the presence of C-H bonding.  Though one would inherently 
miss the nature of applying Newton’s law by saying that the reactions are 
equal and opposite, there is indeed an opposite relationship between the 
presence of methyl groups, and the presence of sulphuric acid.   
Once again, the relationship between diffusion and reaction agree with the 
overall narrative that the diffusion is indeed the limiting factor in the 
relationship between chemical bonds measured.    In both systems, with 
significantly different diffusion and reaction rates, the reaction profiles agree 
that the emphasis of future work doesn’t necessarily need to be on the 
subject of better reacting the sulphur containing species, but on increasing 




6.5 Near-Field FTIR 
 
Figure 47 AFM/SNOM images of the interface of an epoxy resin (left) and an LLDPE fiber that has been 
sulphonated for 3 hours (right).  Images top to bottom: (A) AFM-mechanical, (B) AFM-phase map, (C) 
AFM Z-height profile, and (D) SNOM absorption map of the interface at 1030cm-1 wavenumbers 
showing a gradient of O=S=O symmetric stretch oscillation. 
 
AFM has become a well-developed, versatile technique for examining 
systems at staggeringly small scales.  Additionally, through the use of near-
field optical techniques, the method has allowed for the measurement of IR 
phonon absorption, similar to that of traditional FTIR measurement 
techniques.  The measurements described here were made at the NeaSPEC 
headquarters in Grosshadern, Germany on a NeaSNOM microscope using a 







the same time, utilizing a pixel dwell time of 29ms across a 200x30 pixel area, 
where each pixel equated to 100nm. 
Figure 48 Comparisson of fitted curves for the (Left to right, top to bottom).  (Top lefr) Mechanical 
hardness.  (Top right) Mechanical phase shift.  (Bottom left) AFM Z-height profile.  (Bottom right)  
1030cm-1 absorption.  The measurement were made along the red profile bar in  (Figure 47), beginning 
at the outside of the fiber (left) and continuing towards the core (right). 
In Figure 47, images were developed that show four different properties of 


















































































Figure 48 outlines the properties of the fiber as measured along the red lines 
in Figure 47, beginning at the outside of the fibers and travelling towards the 
core (left to right).  In image A, the mechanical hardness of the fiber 
increased with increasing distance from the surface of the fiber.  Mechanical 
phase information of the fiber, which is more related to the visco-elastic 
behaviour, showed an interesting behaviour.  At the skin, the fiber had a 
slightly descending behaviour, before rising more towards the center of the 
fiber.  While it is not clear why this u-turn in properties occurred, it can be 
seen that the PE at the center of the sample would likely have a rather high 
phase offset due to the soft nature of the polymer.  As previous studies have 
shown that the existence of C-H bonding is largely absent at the reacted fiber 
areas, it would not be expected to witness a phase offset remotely similar to 
neat PE in this range. 
The Z-height topological profile showed and un-ambiguous reduction of 
height towards the skin of the fiber.  This was due to the reduction in 
abrasion resistance of the fiber with increased sulphonation.  PE, an 
incredibly abrasion resistant material, is reduced to a highly SP2 hybridized 


















































































stabilized region is much lower of the original PE, and thus abraded faster 
during sample grinding and polishing.  This was discussed in the previous 
chapter, on the subject of “Optical Profilometry.” 
The absorption of the interface of the 1030cm-1 wavenumber was measured.  
This correlates to the O=S=O symmetric stretch oscillation and represented 
the presence of un-reacted and partially-reacted H2SO4.  The trend of the 
reduced absorption towards the fiber core potentially relates to a reduction 
in the presence of the O=S=O group, and could be further used in the future 
to ascertain the location and movement of chemicals and atomic bonds in 
sulphonating fibers.  SNOM has an extremely minute sampling area, which 
was able to track the movement of atomic bonding at levels below that of 
the crystallite size of PE.  In particular, this means that the use of SNOM 
could illuminate the movement and reaction of sulphuric acid at the 
crystallite/amorphous domain size.  It should also be cautioned that the 
results of the spectral measurements described here could be affected by the 
topology of the sample, and it could be that the result is skewed.  Later, with 
Raman spectroscopy, the ‘recipe’ of the sulphonation reaction will be 
examined.  This was a proof-of-concept measurement and was potentially 
successful in showing that the locations of specific bonds could theoretically 
be illuminated with high spatial accuracy.  Future work could look at 
behaviours relating to the bonding of the sulphonating species with the 
polymeric backbone, as well as, the formation of bonds between polymer 
chains.  Some of the interesting wavelengths could include:   
   1580cm-1 C=C-S stretch oscillation 
   1700 cm-1 C=C stretch oscillation 
   575cm-1  C-S stretch oscillation 





Figure 49  [a] 20µm x 5µm scanning near-field optical microscopy (SNOM) image of interface of the 
interface between (left) an LLDPE fiber sulphonated for 2 hours and (right) mounting epoxy.  Measured 
positions include (red) mounting epoxy, (blue) PE highly reacted with sulphuric acid, (green) an area 
with some diffused sulphuric acid, and (yellow) largely unaffected PE.  [b] ATR-FTIR spectra of three 
positions in [d] with green being in the unreacted PE, red being in a highly sulphonated area, and 
magenta being the mounting epoxy.  [c] spectra of SNOM measure points shown in [a] with respective 
colors.  Orange boxes in [b] and [c] show peaks relating to (from left to right) C=C stretch oscillation, 
C=C-S stretch oscillation, CH2 spread oscillation, O=S=O antisymmetric stretch oscillations, and 
O=S=O symmetric stretch oscillations.  [d] macro ATR-FTIR integration image of C=C (1848-1518 cm-1) 
behavior in an HDPE fiber sulphonated for 5 hours.  Colored dots represent spectral measurement 
positions of [b] with respective colors.  [d] AFM mechanical map of the SNOM surface. 
In an attempt to look at the spectra within a fiber with high spatial 
resolution, proof-of-concept SNOM spectral measurements were made at 
select locations of a partially sulphonated fiber cross-section (Figure 49a).  
In this area, the fiber presented both sulphonated and unsulphonated 
qualities within the 20µm x 5µm measurement area, as well as a clear 
boundary to visualize the actual boundary of the fiber.  Measurements of 
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spectra were taken at four areas (Figure 49 a) with their respective spectra 
(Figure 49c) measured across two wavenumber ranges (1800-1100cm-1 and 
1400-800cm-1).  Across these ranges, the spectra were easily comparable with 
the information obtained through macro ATR-FTIR mapping (Figure 49b).  
Five areas of particular interest are highlighted in orange boxes, which will 
be analysed from left to right.  Looking at the C=C peak in the highly 
sulphonated region around 1700cm-1, ATR (red) is able to measure the 
spectra rather well, showing a broad absorption peak, whereas with the 
SNOM measurement (green) was not as distinguishable, though potentially 
present.  At 1700 cm-1 wavenumbers, both the epoxy and PE measurement 
locations did not have significant absorptions.  The second box to the left is 
the C=C-S bond absorption centred around the 1600cm-1 wavenumber.  
Again, comparing the absorptions of the two testing methods finds that the 
SNOM technique did not produce an easily visible absorption measurement 
when compared to the ATR method.  At the 1470cm-1 region, the SNOM 
method did produced a resolvable peak that could be compared with the 
ATR measurements.   
6.6 Raman Mapping 
Until this point, it has been shown that the development of carbon rich 
material in the SPEC fibers has progressed radially, converting the material 
into a stabilized material.  This has included a great increase in the double 
bonding between carbon atoms.  Though this was not the first time that this 
has been witnessed (Figure 5) ambiguity exists to the formation of bonding 
of the carbon in the fibers, the homogeneity of the bonding, and whether 
there is a change in the bonding between the sulphonated and carbonized 
states.  To examine how carbon-carbon bonding forms during the 
sulphonation process, and to extend this to any changes that may occur in 
the carbonization process, Raman spectroscopy was implemented in both 




Though sampled points provide information at a specific point, it is possible 
(as with the macro ATR-FTIR) to make measurements in a mapping mode.   
The AOXLLDPE carbonized fiber was imaged with Raman microscopy, 
allowing for a look at the locations of hybridized carbons (Figure 51).  Initial 
examination of the sp2 and sp3 (G and D bands, respectively) suggest that 
no known heterogeneity is witnessed throughout the cross-section.  
Previously, carbon fibers made from PAN had witnessed heterogeneity, 
which was visible in maps made in a similar method.[54]  Further 
examination of other fibers in identical methods did not yield significant 
differences in the D and G band integration areas, with the exception of 
GLLDPE. 
Figure 50 (Top, purple) maps of D(red) and G(blue) band integrations overlaid on an OM image of an 





Figure 51 (Top) maps of D and G (resolved in a ‘rainbow’ color scale, progressing through the visible 
light spectrum, with blue being low and red being high) band integrations overlaid on an OM image of 
an GLLDPE carbonized fiber.  (Bottom left, red) map of D band integration.  (Bottom right, blue) map 
of G band integration. 
In opposition to the other grades of PE that would develop their vast majority 
of sp2 hybridized carbon during the sulphonation and/or carbonization 
phase, GLLDPE was made with sp2 hybridized carbon in the form of added 
graphite.  In the Raman microscopic imaging of a carbonized GLLDPE fiber, 
graphitic additives were immediately visible (Figure 51, blue).  These 
locations also had increased D band presence.  Throughout the rest of the 
bulk of the carbonized GLLDPE fiber, not much heterogeneity was 
visualized, providing another signal that the process of stabilization is rather 
rapid in the initiation of the reaction, with no measurable effect of 





Earlier in the chapter, carbonized fibers were examined without the 
determination of inhomogeneity (at least visually) in the structures of the 
fibers moving from the surfaces to the cores.  In order to learn more about 
what was happening in a stabilized fiber, a GLLDPE fiber sulphonated for 6 
hours was examined (Figure 53).  As with maps of the carbonized fibers, a 
significant change in the signal throughout the fiber was not witnessed.  
This, too, supports the model that the reaction of the PE and the sulphuric 
acid was immediate at the reaction front.  Should the reaction proceeded 
significantly slower than the diffusion, it would have been expected (at least 
in the sulphonated fiber) to see a change in the signal strength from the 
surface of the fibers to the cores.  Not only was a relative homogeneity 
witnessed, but even the ratios of D/G bands did not appear to change. 
Figure 52  (Top left) maps of D(red) and G(blue) band integrations overlaid on an OM image of an 
GLLDPE fiber sulphonated for 6 hours.  (Top right) Transposed image of D ad G band maps.  (Bottom 
left, red) map of D band integration.  (Bottom right, blue) map of G band integration, with the bright 




Figure 53  Raman microscope spot measurements made on the fiber cross-sectional face in the reacted 
areas.  Normalization of the peaks was performed on the maxima of the curves, which was of the G 
band. (Top, left) all S6 fibers measured in the middle of the reacted areas.  (Top, right) all carbonized 
fibers measured in the middle of the reacted areas.  (Middle, left) spot measurements made across the 
LLDPE S6 fiber at the inside of the reacted area, middle, and at the fiber surface.  (Middle, right) spot 
measurements made across the LLDPE carbonized fiber at the inside of the reacted area, middle, and at 
the fiber surface. (Bottom, left) measurements of an LLDPE S6 fiber before and after carbonization 
measured in the middle of the reacted areas.  (Bottom, right) measurements of a GLLDPE S6 fiber 
before and after carbonization measured in the middle of the reacted areas. 


















































































































































































 Though mapping provides a qualitative visual of the changes in an examined 
surface, no significant differences in the D and G nature of the fibers were 
initially witnessed.  To get a better measure of the behaviour of D and G band 
formation in sulphonated and carbonized fibers, spot measurements were 
made across the fiber cross-sections.  Spot measurements were made in all 
of the fibers in the sulphonated areas and within carbonized areas (Figure 
53) and all of the curves were normalized to the G band maxima.  (Top, left) 
Of initial notice, was the similarities between all the grades in terms of the 
relation of the D and G band areas.  With sulphonation progressing at 
different rates, with different branching natures, and with different degrees 
of crystallinity affecting the initial structures, the ratios (and thus 
composition) of the materials remained rather consistent.  The GLLDPE 
sample may have had a slightly lower D/G signal, but this could have been 
due to the presence of added graphite reducing the contribution of the D 
band once normalized for the G maxima.   
It is known that the carbonization of the SPE fibers will reduce the material 
down to only carbon.  In the next chapter, it is shown that the structure of 
the carbon fibers (both as SPE and SPEC) are highly amorphous without 
significant graphitic diffraction peaks.  In the Raman measurements from 
midway across the SPEC fiber cross-sections (Figure 53, top right) almost 
identical D and G band compositions were measured.  This would be to say, 
that in the same way that the not-yet-carbonized SPE fibers had nearly 
identical Raman signals of the D and G band regions for all of the grades, 
that the carbonized fibers had a preferred composition for the processing 
conditions that they were subjected to.  It should be mentioned that these 
measurements were taken roughly halfway between the fiber center and the 
inside of the fiber, measured radially, which may have contributed to the 




To learn more about if there were differences in how the sulphonation would 
occur with regards to time, sample measurements were taken radially from 
the outside edge of the fibers, midway to the centre, and at the inside edge 
of the LLDPE stabilized region.  This was completed for both SPE and SPEC 
fibers, which are shown in Figure 53 mid-left and mid-right, respectively.  It 
was seen that the SPE fibers rapidly developed a composition that remained 
for the duration of the sulphonation, as the inside of the fiber (which had 
only received a short duration of sulphonation) had a composition nearly 
identical to that of the outer edge of the fiber.  Compellingly, this would not 
point directly to the development of any core/skin structure, as is often 
witnessed in PAN based carbon fibers, where exothermic reactions and 
imperfect ovens contribute to uneven heating of the cross sections.[54]  As 
the fibers were carbonized, a great increase in the D signal was seen for all 
measurement points similar to how it was witnessed in comparison of all of 
the grades.  This growth of the D structure was nearly identical for all of the 
locations, which further suggests that there is a preferred composition for 
the processing conditions that the LLDPE SPEC fiber was subjected to.  
Again, as with the SPE fiber, no development of a skin/core reaction in terms 
of D/G band ratio was witnessed.  Together, the results of the looking across 
the LLDPE SPE and SPEC fibers suggest that the reaction of the sulphuric 
acid happens as a front, and does not proceed as a generalized reaction 
through the fiber cross-section.  It also suggests that the diffusion, and 
subsequent reaction that accompanies it, would be of a non-Fickian nature, 
as a reaction front is witnessed, and after the front, no change in composition 
can be witnessed (in terms of D and G band nature). 
Having been compared to other fibers of different grades, it was desired to 
take a look at the signals from specific grades before and after carbonization, 
and to compare the two results.  These can be seen in Figure 53 on the 
bottom left and bottom right for LLDPE and GLLDPE, respectively.  Though 
these were compared with other grades previously, comparing within a 
single grade shows the nature of the carbonizing SPE fibers to develop D 
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band nature.  This is not a perfect means of describing what is happening 
inside of the material, but lends a look at the development of a preferred 
composition that, in the grades measured, remains relatively consistent 




Absorption based ATR-FTIR, S-SNOM, and Raman spectroscopy were used 
to look at the cross-sectional compositions.  By following the change in 
signal through the sulphonation process, and being able to relate the 
changes spatially, information has been gathered in terms of both space and 
time.   
Macro ATR-FTIR microscopy has provided a helpful look into the inner 
chemical workings of the sulphonation process.  Images taken of the fiber 
cross-sections have identified the movement of the reaction front, showing 
that the reaction was diffusion limited, as opposed to reaction limited.  By 
overlaying the maps of different signal integrations, it was possible to see 
that the progression of the O=S=O signal (which represented the diffusion 
of the sulphuric acid front) closely matched that of the C=C-S bond 
formation.  Opposing this, the formation of C=C-S bonds spatially matched 
a reduction in C-H bond oscillation signal.  Together these provide strong 
evidence supporting a model of sulphonation that is diffusion limited.  It is 
proposed, as sulphonation is a timely process, that future research into the 
sulphonation of PE fibers identify ways to increase the diffusion, be it by 




As the front progressed, the C=C signal of the reacted area did not increase, 
suggesting that the reaction did not continue after the initial reaction.  It was 
also evident from the rapid change in chemical bonding (loss of CH2 signal) 
following the arrival of the reaction front, that PE was rapidly sulphonated 
into a material that could neither have carried the structural information of 
the original PE, nor chemical signatures of the original material.   
It is proposed that earlier studies of the SPE fibers performed with benchtop 
ATR methods were largely measuring changes in signal from the simple 
reduction in materials reacted and/or lost, thus making those measurements 
more subjective in their measure of how far the reaction had proceeded, and 
largely not of what was actually happening at the reaction front. 
When the different grades of PE were compared under the macro ATR-FTIR 
microscope, it was established that although the progression of sulphonation 
was carried out at slower pace in the samples with higher crystallinity, the 
conversion was completed in similar ways and with the presence of the 
reaction front as opposed to an overall diffusion gradient.  This was true for 
the samples of LLDPE, GLLDPE, and AOXLLDPE, which all continued 
through the sulphonation process at relatively similar rates, and a benefit 
was not found for the inclusion of either of the additives.  
Proof of concept SNOM measurements made of the SPE fibers showed the 
promise of IR-based measurements with high special resolution.  These 
measurements provided for the selection of singular wavelength 
measurements across rastered maps, or full spectra made at singular points.  
It should be noted that, as a proof of concept, time and resources for 
optimized results were not available.  This method did provide potential for 
wavelength sensitivity with high spatial resolution, and the ability to 
combine these IR properties with traditional AFM measurements.  In order 
to achieve best results, better surface preparation will be required, as 
differences between the unreacted PE and the sulphonated regions created 
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a height range that strained the machine to measure.  Furthermore, the soft 
graphitic material of the reacted areas attached to the measurement tips, 
making it necessary to change tips often.  An optimized measurement would 
utilize both a flat surface and low tapping force. 
Raman microscopy was able to look at the SPE fibers in relation to their 
cross-sections with high resolution.  Imaging of D and G bands on the cross-
sections did not find evidence of a skin-core effect, as has been found in 
carbon fibers.  In relation to the D/G ratios of sulphonated fibers, no 
significance was found between measurements made at the fiber inside, 
middle, or edge, which signified that the sulphonation, at least in the fibers 
measured, followed a sulphonation recipe.  Similar findings in carbonized 
fibers did not promote a large difference across the fiber cross-section in 
terms of D/G ratio.  In terms of grade, major differences were not witnessed 
between the different grades for measurements made in both SPE and SPEC 
fibers.  The results of these Raman measurements point to the idea that 
sulphonation progresses in PE fibers with a certain D/G ratio (or recipe) and 
that this does not change with increased time in the sulphonation bath (as 
the fiber edges measured were similar to the fiber internals).  Quantitative 
measurements could be carried out to determine if the reaction continues 
according to this recipe with increased sulphonation, or if the reaction 
happens immediately following the diffusion front, leaving a continuous 













7 Diffraction Studies of Graphite 
7.1 Introduction 
Understanding the ordering of materials is the ultimate goal of structural 
analysis.  The use of highly columnated radiation has allowed for the study 
of these structures with sub-angstrom resolution.  As radiation reacts with 
matter it will experience scattering.  In this scattering, the radiation can 
constructively (or destructively) interfere.  It is when the angle of incidence 
of the radiation is proportional to both the wavelength being used and a 
periodic structure of the material being examined, that these interference 
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patterns will occur.  In the case of useful constructive interference, the 
commonly applied calculation is the Bragg equation: 
n𝜆 = 2𝑑 ∗ sin (𝜃) 
where 𝜆 is the wavelength of the radiation and 𝜃 is the incidence angle of the 
radiation.  When the equation is successfully balanced for all variables, 
constructive interference is achieved, allowing for a large degree of the 
radiation being used to diffract from the material similar to how light reflects 
off a mirror.  Consequently, as material crystals have repeating units, these 
crystals will contribute to these interference patterns, which are measured 
by intensity fluctuations relative to the alignment of the crystals in the 
radiation beam.  
 
Figure 54 WAXS diffraction pattern of a GLLDPE fiber sulphonated for 6 hours.   Black dashed lines 





Polyethylene is a semi-crystalline polymer (Figure 54), meaning that the 
structure of the PE bulk has contributions from both crystalline and 
amorphous regions.  PE with more linear behaviour, such as HDPE, will 
allow for the polymer chains to align more easily to achieve higher degrees 
of crystal growth during crystallization.  LDPE, with its highly branching 
structure, is less able to readily align and crystallize in repeating units, 
resulting in lower degrees of crystallization (Figure 56). 
 
Figure 56  Planar schematics of PE (110) and (200) planes. 
Figure 55  (Left) Orthorhombic unit cell of polyethylene displaying chain alignment [30].  (Right) 
Comparisson of different PE grade diffraction pattern, noting the differences in amorphous and 




The two main peaks of PE that are analysed in this work for crystallinity are 
the (110) and (200) planes, which generally occur around q = 1.51Å-1 and q = 
1.69Å-1, respectively (Figure 56).  As the fibers are sulphonated, these 
crystalline areas lose their ability to maintain these orientations, and thus 
their sharp diffraction peaks become more general, broader scattering 
mounds.  Historically, the use of WAXS, in relation to the sulphonation 
process, has shown a reduction in the crystalline percentage and orientation 
(alignment) of the crystals with the fiber axis as the process progressed.[14, 
16, 17]  In order to follow the orientation of the polymer chains, the Herman’s 








where 𝜃 is the angle between the azimuthal peak and the fiber axis.  If 𝑓 =1 
the polymer is parallel to the fiber axis.  If 𝑓 = 0, the polymer is random.  And 
if 𝑓 = -1/2, then the polymer is perpendicular to the fiber axis.  Thus, polymers 
with preferred orientations relative to the fiber axis should have parameters 
≥ 0. 
At the nanometer scale, the fibers are not homogeneous.  They consist of an 
amorphous matrix surrounding crystallites, and in the case of GLLDPE, 
sizable graphitic additives have been added.  In order to understand the sizes 
of these crystallographic domains, and potentially their orientations, the 
Scherrer equation can be used with the formula: 




where 𝜏 is the average crystallite, 𝛫 is a unitless geometric coefficient, 𝜆 is 
the wavelength of the radiation, 𝛽 is the FWHM of the diffraction peak, and 
𝜃 is the Bragg angle.  It should be noted that the Scherrer equation is best 
applied to crystallographic domains with sharp, specific peaks.   
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7.2 Results and Discussion 
 
 X-ray analysis was employed to follow changes in the fibers during 
sulphonation.  Of importance was the apparent loss of structure caused by 
the reaction of sulphuric acid with the PE molecular backbones.  


















































































































































































Figure 57 Progression of sulphonation within grades of polyethylene as measured by XRD for each 
polymer with respect to time sulphonated.   
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Philosophically, this process has been explained by the diffusion of groups 
into the PE, followed by radicalized reaction.  The process would proceed 
through the amorphous areas first, as diffusion into crystalline regions would 
progress at a lower rate due to reduced diffusion between compact, 
crystallized polymer molecules.  Thus, as time progressed, the coherent 
scattering signal measured would decrease with the decreasing crystallinity. 
Results of the sulphonation WAXS (Figure 58) proceeded from 0 to 6 hours 
of treatment with the upper temperature of the process achieving 120°C for 
the duration of the stabilization procedure.  Though experiments in PE 
grades have been published in various journals over the last 40 years, the 
controlled comparison of grades of PE has remained a largely 
uncorroborated pursuit.[12-17, 30, 34, 36, 39-41, 55, 56]  Inherently, the 
polymers explored here are stoichiometrically identical, with differences in 
branching favouring (or hindering) the formation of crystallites.   
Duration (h) LLDPE GLLDPE AOXLLDPE HDPE LDPE 
0 31.7 31.6 30.7 45.6 27.6 
1 27.3 21.1 30.9 48.7 17.6 
2 15.3 11.4 15.6 43.9 5.89 
3 9.16 6.64 9.27 25.6 2.59 
4 5.30 2.55 5.37 16.6 1.26 
5 2.57 0.87 2.84 8.72 0.50 
6 1.81 0.58 1.54 6.42 0.17 
Table 4  Crystallinity (%) of PE during the sulphonation process. 
 
7.3 Comparison of PE Grades on Structure Loss 
In the LLDPE sample, a continuous and stable reduction in crystallinity was 
measured with increased process duration.  Beginning at 31.7%, the 
crystallinity decreased finishing the 6-hour sulphonation at 1.81%.  Though 
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too much cannot be said from this behaviour, it serves as the constraint by 
which further samples will be analysed.  Indeed, the material of the LLDPE 
was able to withstand the applied sulphonation procedure, resulting in near-
fully sulphonated final fibers.[30, 36] 
GLLDPEs samples with 0.3% of added graphite were made from the same 
additive-free LL820 as the LLDPE samples.  Beginning with a crystallinity 
similar to that found in the LLDPE, the GLLDPE experienced a much faster 
initial sulphonation in the first hour, reducing by 10.5% as compared to 4.4% 
in the LLDPE sample.  Furthermore, if comparing samples relative to their 
crystallinity as a function of their sulphonation time, the degree of 
crystallinity of the GLLDPE sample was roughly an hour ahead of the LLDPE 
samples for the last three hours of the procedure.   
At the finality of the procedure, the GLLDPE crystallinity had reduced to a 
near-amorphous structure with less than 1% crystallinity.  Though the final 
degree of sulphonation of the graphite sample was lower than the LLDPE 
samples, it should be noted that the numbers were, on an absolute scale, very 
similar.  Potential reasons for this could include that the addition of only 
0.3% graphite (not graphene) may not have been significant enough as to 
prevent the diffusion of the sulphuric acid, while not speeding it up.  
Additionally, though all basic steps were taken to try to produce fibers with 
similar fiber diameters, there is the possibility of the addition of graphene 
influencing the barrel viscosity of the molten GLLDPE, thus changing the 
extrusion rate, and ultimately, the fiber diameters.  As the sulphonation rate 
of the fibers was higher, it is possible that the graphite had a positive impact 
on the rate of sulphonation, though if this was the case, the effect was 
minimal.   
The addition of antioxidants was found to have an effect on the early rate of 
sulphonation.  Initially, the degree of crystallinity increased, which was most 
likely the product of two processes: the first being protection from 
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sulphonation radicals provided by the added antioxidants, and the second 
being cold-crystallization contributing to an increase in measured 
percentage of crystallinity.  Strangely, as the sulphonation of the fibers 
progressed, the degree of crystallinity closely mirrored that found in the 
virgin LLDPE.  Though from these findings it could be said that the addition 
of these particular chemicals to the LLDPE potentially augmented the initial 
loss of crystallinity, continued sulphonation (approaching that needed to 
convert to carbon fiber) rendered an ultimate change in structure nearly 
identical to that of the virgin LLDPE.  Thus it can be said that the 
antioxidants did not play a significant role in slowing down the ultimate 
process in terms of crystalline structure, nor did they provide a beneficial 
effect to the stabilization process. 
HDPE had a significantly higher crystallinity than that of any of the other 
measure polymers in this study, with an initial crystallinity of over 45%.  
Upon introduction to the sulphonation bath, and as similar to that of the 
AOXLLDPE, an initial increase in crystallinity was measured.  This was likely 
due to the effects of cold crystallization induced when the polymer was 
heated above the glass transition temperature.  Of all the fibers, HDPE 
maintained structure better than the other polymers.  After approximately 3 
hours of sulphonation the degree of crystallinity followed a curve that was 
approximately 3 hours “slower” than that of LDPE and 2 hours “slower” than 
LLDPE, meaning that the measured structure of HDPE would match up with 
the curves of the other materials should their crystalline percentages be 
transposed later by the mentioned values.  Functionally for the use of HDPE 
as a material for the production of carbon fibers, assuming that the 
unobtained low percentage progression proceeds similar to the other fibers, 
HDPE would require approximately 2-3 hours greater treatment to be 
stabilized for carbonization. 
LDPE began the sulphonation process with the lowest degree of crystallinity 
and progressed rapidly to a near-complete sulphonation (<1% crystalline) in 
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4-5 hours; roughly 2 hours faster than that of LLDPE.  This was likely due to 
the high degree of long-scale disorder assisting the diffusion of acid 
molecules.   The loss of crystallinity was so rapid that the LDPE achieved 
near complete sulphonation when the crystallinity of the HDPE was still 
around 10%.  It could be noted that in a previous experiment, the 
sulphonation of all 3 polymers was attempted at 125°C with the LLDPE and 
HDPE surviving, but the LDPE melted and dissolved into the acid solution, 
leaving it a dark, black-tea color.   
Seemingly, the results of this chapter, and taking into account the findings 
in the last chapter that the reaction of PE with sulphuric acid happens rapidly 
at the diffusion front, that the values measured in this experiment better 
describe the amount of pristine PE remaining in the polymer core than an 
overall value of a reacting fiber.  It is proposed that, although previous 
literature experiments describe the reality of the fibers, they speak of a bi-
component system (reacted/amorphous and unreacted crystalline) rather 
than a homogeneously reacting system. 
 
7.4 Crystalline Directions With Sulphonation: 
It is accepted that the progression of acid into the fibers advances from the 
outside of the fibers, travelling inwards to the fiber center.  The progression 






























































































Figure 58 Crystallite size in (110) and (200) directions during sulphonation, fitted via linear regression. 
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of acids in the polyethylene, in its travel through the material, must also 
react with the material medium.  Polyethylene, being a semi-crystalline 
polymer, has two types of regions that the acid must diffuse through and 
react with: amorphous and crystalline.  Analysis was performed to determine 
if the progression of sulphuric acid through the polyethylene had a 
significant and measurable effect on the crystallite size, particularly in the 
(110) and (200) directions.   
Figure 59 outlines the crystallite size through the progression of the 
experiment.  Fiber bundles, measured macroscopically in WAXS, had their 
diffraction rings analysed for crystallite size as determined by application of 
the Scherrer equation.  Examination of the fiber’s crystallite sizes in this 
fashion did not yield a major change in either the (110) or (200) crystallite 
directions for the duration of the experiment.  Though a small, potential 
trend towards smaller crystallite size could be perceived for the majority of 
the samples, the behaviour was inconsistent in either of the samples 
measured.  As such, this work cannot conclusively state that either of the 
crystalline directions was highly affected by the sulphonation.  Likely, what 
is seen is the unreacted/undiffused polymer crystals at the centre of the 
fibers.  While this does support the idea that the change in crystallinity is 
due to reactions of the acid with the polymeric chains, and not simply as 
diffusion disrupting the crystalline lattice, it does not say much about the 
nature of the acid to react with the crystals directly. 
On the other hand, the analysis in Figure 59 did show a direct relationship 
between the grade of the polyethylene and the subsequent crystallite size in 
(100) and (200) directions.  Having the highest disorder due to its branched-
polymer nature, LDPE was measured to have the smallest crystallite sizes in 
both directions.  LLDPE had the second highest crystallite size.  It should be 
noted that comparison of the LLDPE as-received fibers with 0 hours of 
sulphonation yielded nearly identical results for all three of the mixtures 
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measured.  Lastly, HDPE, with its highly linear molecules, yielded the 
highest crystallite sizes. 
7.5 Orientation Analysis in Sulphonating Fibers 
 
Figure 59  Herman's orientation parameters of all polymers during sulphonation. 
Polymers, under shear, are pulled into preferred orientations.  If this is 
during the melt and is subsequently followed by solidification, the 
orientation may be locked into the solid.  So is the case for fibers drawn from 
extrusion.  In order to look at how the sulphonation progression affected the 
state of preferred orientation in the fibers, the Herman’s orientation 
parameter was calculated for each of the fibers at each hour of the 
sulphonation.  It is important to state that the calculation of these 
parameters was performed on the (200) crystal reflection, and as thus are 
representative of relatively coherent scattering from crystalline regions of 
the fibers.  At some points, the degree of disorganization in the fibers became 
so high as to not allow for proper peak fitting  across the measured scattering 






































angles as to calculate the parameters, and thus those samples are omitted 
from the graph (Figure 59). 
Initially, there was a direct correlation between the Herman’s orientation 
parameter and the chain length/linearity, with HDPE being highest, the 
LLDPE fibers being lower, and LDPE being lowest.  As time progressed, the 
mis-orientation of the polymers increased for all of the polymers.  In HDPE, 
this meant that there was only a slight reduction in orientation, signalling 
that the process did not have a great effect on the fibers in the crystalline 
regions.  LDPE on the other hand, experienced such a high degree of 
reorganization at the temperatures and chemical attack of the sulphonation 
that subsequent measurements of the fibers would not yield WAXS 
alignment information by which the Hermans orientation parameter could 
be accurately calculated.  Thus only the untreated (0 hour) sample of LDPE 
was measured. 
LLDPE experienced a reduction in orientation in the middle of HDPE and 
LDPE, slowly reducing in orientation until hour 6, when the orientation 
parameter could not be accurately measured from the data.  The addition of 
graphite saw similar initial orientation, but surprisingly, as the sulphonation 
progressed, the rate of loss of orientation increased.  So much so, that at 4 
hours the parameter of GLLDPE was 0.185 while LLDPE was 0.624, and at 5 
and 6 hours the parameters could not be assessed.   
In the sample with antioxidants, the initial orientation of the polymer was 
significantly less, signalling that the antioxidants had an effect in reducing 
the overall orientation without significantly affecting the average crystallite 
size (Figure 59) or crystalline fraction (Figure 58).  As the progression of 
sulphonation increased, the AOX LLDPE progressed similar to the GLLDPE.  
This suggests that additives to the sulphonation process may contribute 
premature orientation loss.   
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Historically, it was found  that the higher the alignment of the polymer 
chains of PE during sulphonation, as maintained by tension, the higher the 
resultant mechanical properties of SPEC fibers.[12, 17, 30, 35]  The results of 
these measurements would suggest that if orientation for the duration of the 
sulphonation is desired, then HDPE and LLDPE would be better suited for 
the job.  It should be mentioned that the fibers were only subjected to one 
tension for the duration of the sulphonation, whereas different forces could 
affect the orientation.  To better understand the behaviours of the fibers, 
different tensions should be trialed and different temperatures of 
sulphonation engaged.  The results of this study show how the chosen 
polymers are independently affected by the same process.  It is suggested 
that in the optimization of any fiber for the best mechanical properties, 
complete heating and tension schedules would need to be developed for 
each fiber.  In terms of showing the intrinsic changes that happen to these 
fibers when subjected to identical conditions, this study was a success.  In 
terms of understanding the eccentricities of the different grades (particularly 
LDPE) more specific research would be required. 
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7.6 Graphene Domain Formation 
 
Figure 60  Graphitic domain sizes in LLDPE fibers with 0.3 wt.% graphite before sulphonation and after 
carbonization. 
During the act of carbonization, the carbon in the fibers has improved 
mobility and can form graphitic domains.  Previous studies of carbon fiber 
carbonization have found that the addition of SP2 hybridized carbons to the 
precursor 
 fibers assisted in further growth of graphitic domains by serving as an 
atomic template.[57]  In term, this templating ability helped the fibers to 
increase their graphitization capabilities. 
In PE based fibers, there have been no studies of graphitic additions, though 
one work on the addition of boron nitride found a significant increase in the 
graphitization of the carbonized fibers.[41]  To test whether graphite, as an 
additive would serve as an atomic template in SPE fibers, 0.3 wt.% graphite 
was added to LLDPE via a solution-nucleating process, and then melt-
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128 
 
GLLDPE fibers were produced under the same conditions as the LLDPE 
fibers, leading to similar cross-sectional areas.  Following carbonization at 
1000°C for 10 minutes in an inert atmosphere, single fibers were measure 
with WAXS at the Australian Synchrotron and the graphitic peak analysed 
with the Scherrer equation to determine the domain size. 
The results of the WAXS (Figure 60) found that the graphitic domains in the 
LLDPE fibers had an average domain size of 490Å.  After carbonization, this 
domain size increased to an average of 537Å, signalling a significant increase 
in the average domain size.  Interestingly, in the LLDPE fibers without added 
graphite, no graphitic peaks were identified during analysis of the diffraction 
curves, albeit 1000°C is a rather low temperature for carbonization.  Together 
these results support the hypothesis that the addition of graphite to PE fibers 
aids in the low-temperature graphitization of SPE fibers by serving as an 
atomic template.  Further testing, particularly at higher temperatures and at 
different graphite-loading levels, would support the development of a model 
further explaining the ability of graphite to serve as a template.  
Complementary techniques, such as TEM, would support a better 
understanding of the atomic ordering taking place. 
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7.7 Graphene Orientation 
 
 
Figure 61  Fraction of graphite domains (calculated from (002) intensity) as a function of the angle, 
with “0” denoting graphitic planes parallel to the fiber axis.  The blue dashed line denotes the trend of 
the graphite orientation, which supports a biased  alignment of the graphite with the fiber axis. 
Fibers of polyethylene are produced by an extrusion process well above the 
melting temperature.  After emerging from an extrusion die, the semi-
solidified fiber is drawn to a winder at speed.  The resultant behaviour of the 
fiber is thus to neck down, in a process that has a high degree of shear within 
the forming fiber.  Within the shear fields, particles can align, with the 
highest aspect dimension of the particles aligning parallel with the shear 
fields and the fiber axis.  In the case of this research, the graphite particles 
used had plate-like confirmations, with the thickness of the plates (002) 
being around 490Å.  This meant that during the fiber production the plates 
aligned with their largest dimension parallel to the fiber axis, and the (002) 
graphite direction perpendicular to the axis.  Figure 61 displays the 




















distribution of graphite particles of GLLDPE before and after carbonization, 
with an orientation bias favouring alignment with the fiber axis. 
Following the sulphonation and carbonization of the GLLDPE fibers, the 
alignment of the (002) axis remained biased with the fiber axis, though it 
may have become slightly more randomized.  In previous research [21] it was 
shown that PE crystallized on the surface of graphite with the PE C-axis 
aligning parallel to the graphite surface (perpendicular to the (002) 
direction).  Therefore, if the orientation of the graphite could be controlled 
(or persuaded), while the crystallization of the PE would be templated by the 
graphite surface, then directly, the orientation of the PE molecules could be 
directed to some degree.  This investigation was not able to conclusively go 
from the hypothesis to a “yes” or “no” answer on this subject.   
This research was able to show that the direction of graphite could be 
oriented with a component parallel to the fiber axis while the fibers were 
produced, and that the orientation could be maintained through the 
carbonization process.  Furthermore, during the carbonization process, the 
(002) direction of the graphitic additive grew while there was no presence of 
the formation of graphite in the plain LLDPE fibers.  Thus, it has been shown 
that graphite additives served as templates for the low-temperature 
formation of graphite in carbon fibers.  As the orientation of the graphite 
was controlled, this presents the ability to “direct” the growth and 





7.8 In-Situ Carbonation of SPE Fibers 
High-quality carbon fibers are composed of an array of graphitic domains 
oriented relative to the fiber axis.  While the development of orientation in 
PAN fibers is relatively well understood, there is no modern model for the 
development of structure within PE precursors during the transformation 
from PE to graphitic carbon fibers, though there is a model for structuring 
of graphitic domains at high temperatures.  Though the application of force 
has been found to positively impact the mechanical properties of PE carbon 
fibers, there is a void in our knowledge of just how the structure evolves 
during carbonization.  Critically, this impacts the ability of identifying 
material and thermal properties to optimise for the fibers’ performance. 
Large discrepancies exist when trying to compare and contrast prior studies 
of PE based carbon fibers.  This has included changing numerous variables 
in polymer selection, addition of antioxidants, fiber diameter, reaction 
temperature, carbonization temperatures, and tension.  Together, these 
inconsistencies mean that the results are largely unable to be directly 
compared.  The aim of this in-situ carbonization study was two-fold.  The 
first was to follow the transformation of structure in stabilized PE fibers from 
a largely unorganized precursor with remnants of PE periodicity, into fully 
carbonized fibers.  As there is little published literature comparing polymer 
grade [linear low density (LLDPE), low density (LDPE), and high density 
(HDPE)], the use of commercially available anti-oxidants, or graphitic 
additives, this study represents the first fundamental studies of SPEC fibers 
produced and stabilized under identical conditions.   
Graphite has shown its ability to act as an atomic template in the 
carbonization of PAN fiber, though no studies have looked at the use of it in 
SPE fibers, where it is known to affect the crystallization and alignment of 
PE crystals during solidification in the bulk.  In PE this happens by PE 
molecules epitaxially crystalizing on the surface of the graphite parallel to 
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the graphite surface.  In PAN, sp2 surfaces served as an atomic template 
allowing for the growth of graphitic layers directly on the surface of the 
additive, and contributed as a means of augmenting the orientation of 
structure.[3, 44]  Such an act in SPEC fibers would represent a means of 
influencing the structure through attributes other than heat and force, and 
thus was examined in the SAXS/WAXS beamline at the Australian 
Synchrotron. 
The carbonization of SPE fibers examined all five of the fibers described in 
this thesis, though with time limitations, repeats of experiments were not 
possible.  Furthermore, due to misplacement of the samples when leaving 
the synchrotron, the in-situ samples that were measured were lost, further 
preventing additional analysis.  That being said, the samples measured 
presented an intimate look at the inner workings of the fibers during 
carbonization. 
 
Figure 62 (Left) Linkam 1400xy furnace mounted in the beamline.  (Right) Inside of the furnace where 
the samples are mounted in the central heated square.  Measurements are taken through the hole in 
the center, entering this side and exiting on the opposite. 
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An example of carbonization furnace is shown in Figure 62.  The heating of 
the fibers was performed at 20°C/min, allowing for the measurements of the 
fibers to be performed at roughly 50°C increments.  As the fibers would have 
cracked, moved and made measurement difficult, the fibers were 
sequestered into pseudo-parallel bundles within quartz capillaries, while 
purging with argon to prevent oxidation.  The method was successful in a 
general sense, though there were issues with changes in intensity as the 
qualities of fibers in the beam changed.  As the fibers progressed through the 
temperature ramp, the fibers experienced several reactions that both 
changed their ability to scatter and caused the fibers to change their shape 
and move around within the capillaries.  None the less, the philosophy of the 
scattering taking place described the processes that were happening in the 
fibers. 
 
Figure 63  Sample graph of the diffraction patterns of carbonized SPE HDPE fibers, progressing from 
purple to red as the temperature increased.  The legend represents the temperature of the measurement 
in degrees Celsius. 



















































Figure 63 shows an example of one of the fibers during the experiment 
involving a stabilized HDPE fiber.  Several processes can be seen happening 
that describe how the domains, crystals, and indeed atoms, adjust their 
structures with increasing temperatures.  At first glance, four main points 
are immediately visible: 
1. The intensity at low q experienced an increase in intensity 
around the temperatures where only carbon remains in the 
fibers. 
2. At around q = 1.51Å-1 and 1100°C a crystallization process 
proceeded, with increasing results until the end of the test. 
3. The sp2 hybridized diffraction mound shifted from roughly q 
= 1.65Å-1  to q = 1.69Å-1 progressing nearly linearly from the start 
of the measurements to the end. 
4. Diffraction peaks of crystalline polyethylene appear in the 
initial measurements, but disappear immediately above the 
melting temperature of PE. 
Addressing these characteristics is no simple task, as described earlier, many 
of the quantitative values of the sample may have been influenced by the 
change in the number of fibers in the beam throughout the experiment.  
Measurements of in-situ carbonization have been measured in SPE before  
utilizing single fibers.[9, 40, 41, 58]  In those measurements, which were 
performed with the application of mechanical loads, the study aim was to 
understand the alignment of graphitic domains and/or the size of the 
domains.  In the studies performed for this dissertation, the emphasis was 
on the philosophy that 1D analysis could allow.  Furthermore, as this 
dissertation is seeking to describe systems qualitatively, the use of highly 




At low q, a significant increase in scattering was experienced, with the 
amount of change increasing for q < 0.6Å-1.  Above this level, correlating 
roughly to 10.5Å, the domains grew, particularly as the temperature 
increased over 600°C.  Interestingly, 600°C correlates well with the 
temperature after which there is no longer significant amounts of atoms 
present that are not carbon.  It is in this carbon-rich environment with 
elevated temperatures that the growth of carbon domains is most assisted.  
The general slope of the lines below q < 0.6Å-1 having relatively continuous 
slopes (i.e. no bumps) signifies that the growth of the domains happens with 
a heterogeneous size distribution.  Should bumps have appeared, this would 
have signified that there was a preferred (or simply more common) domain 
size developing. 
 
Figure 64  Zoomed in section of the diffraction image of and SPE HDPE sample measured during 
carbonization.  The legend is in degrees Celsius.  Componenets include the  sp2 (002) mound, PE (110) 
and (200) peaks, and a peak at q = 1.51Å-1. 
As the samples heated, the first thing to disappear from the diffraction 
profiles was that of the (110) and (200) diffraction peaks of PE (Figure 64).  

















































This happened at roughly the 130°C mark.  The prominence of the peaks was 
directly aligned to the profiles previously measured for crystallographic 
analysis of S6 samples (Figure 58), and was not expected to tell anything 
directly about the structure that would develop in the fibers.  It did, however, 
help to show that the fibers were indeed not fully sulphonated, which would 
contribute to scattering from hollow fibers with reduced cross sections, and 
therefore lower electron densities for scattering to occur.  In turn, this could 
have contributed to a loss in scattering intensity that would have shown up 
in the 400-500°C range.  For the HDPE fibers, though, significant 
movements were not experienced around these temperatures, which 
continued to change relatively continuously across the described 
temperature range. 
 
Figure 65  Peak location of the sp2 mound of graphite vs. temperature for SPE HDPE measured in 
carbonization 
The location of the sp2 peak of the HDPE sample showed a continuous 
change throughout the carbonization process, moving to higher q as the 
temperature increased (Figure 65).  This correlated to a reduction in the net 
atomic distance of sp2 hybridized graphene sheets.  As with most materials 






















beginning in a high degree of disorder, the addition of high temperatures is 
known to assist in sintering processes.[40, 41, 56]  This consolidation would 
favor the formation of domains with higher degrees of pi-bond stacking, 
though the diffraction peaks of crystalline graphite were not found to appear.  
Though the intensity of the measurement has to be taken with a grain of salt, 
the philosophy of changes would still apply to compare regions (they would 
be proportional to each other within a specific measurement).  In the case of 
the sp2 mound, the left shoulder (lower q, greater distances) showed a 
significant reduction to that of the peak or right side.  This signaled that 
disorder in the material greatly reduced as the temperature increased.  
Interestingly, most of the reduction of the lower q should have occurred in 
the temperatures where species such as S, O, insufficiently bound C, and H 
would leave the sample.  Together this supports a model of carbonization 
that says the consolidation of graphitic sheets is a continuous process which 
begins at low temperatures, and that the highly disordered sp2 regions are 
likely affected by the presence of impurities.  Previous studies that looked at 
the consolidation of graphitic layers in SPEC fibers, witnessed increases in q 
(reduction of d-spacing), though measurements were only reported for one 
grade at temperatures in excess of 500°C.[41, 55, 56] 
 
Figure 66  Movements of sp2 mounds for the polymer grades with increasing temperature.  GLLDPE 
could not be fit representatively due to intensity fluctuations, and was excluded. 























When the behaviors of the three grades are examined together, as well as the 
AOXLLDPE sample, a clear behavior can be seen in all of the fibers (Figure 
66).  This includes a progressive increase in the peak location of the sp2 
mound with the increasing temperatures.  Of the pure grades, HDPE began 
with, and maintained, the highest peak position, signaling that HDPE may 
have an inherent better ability to develop sp2 structure with better 
alignment of the c axis.  In both the LDPE and LLDPE samples, lower initial 
q values were measured.  The samples had inconsistent changes in the q 
values between the 400°C and 700°C mark.  As described in the previous 
paragraph, the loss of chemical groups may have contributed to the ability 
of the sp2 carbon to structure and approach the theoretical spacing of 
graphite at q=1.875Å-1.  Though far from that of graphite, the domains did 
show behavior of consolidating inter-atomic spacing, and thus the 
examination of this could be improved with higher carbonization 
temperatures, which are commonly higher than 1200°C.  Interestingly, the 
sample with high amounts of antioxidants posted the highest measured 
values of the sp2 mound, which was significantly higher than the LLDPE 
pure polymer.  There is no known reason behind this anomalous finding, 
though if the fitness of carbon fibers to perform mechanically could be 
increased through the better alignment of the sp2 planes (with inherent pi-
stacking), then achieving better consolidation of sp2 structuring at lower 
temperatures would be desired.  For AOXLLDPE fibers, the last two chapters 
have shown that there was not a mechanical advantage over the other fibers.  
Of course this is only an inferenced quality of the fibers measured in 
reciprocal space, and actualized mechanical properties need to be witnessed 
functionally with statistical measure where other metrics, such as 
temperature and tension during carbonization, can be employed.  That being 






Figure 67  In-situ carbonization of an HDPE fiber sulphonated for 6 hours. Carbonization proceeded 
from RT to 1200C.  (Top)  3D waterfall plot of Temp vs q.  Note the crystallization at around 1100C.  
(Bottom left) surface contour plot with extracted profile (bottom right) showing the intensity profile at 
the growth location. 
 
At q = 1.51Å-1 an interesting peak was measured in two of the fibers tested.  
These were the HDPE and the LLDPE (neat, without additives) samples.  
These peaks were not measured in any of the other samples, and it is not 
known why these peaks were only present in two of the samples.  Figure 67 
shows the surface contour map of the scattering experiment for HDPE, with 
the growth of intensity at the q = 1.51Å-1 beginning at around 1100°C, with 
increasing intensity as the temperature progressed to the end of the 
experiment.  In the case of HDPE, a cooling hose slipped off the furnace just 






























































Figure 68  In-situ carbonization of an LLDPE fiber sulphonated for 6 hours. Carbonization proceeded 
from RT to 1200C.  (Top)  3D waterfall plot of Temp vs q.  Note the crystallization at around 1100C.  
(Bottom left) surface contour plot with extracted profile (bottom right) showing the intensity profile at 
the growth location. 
Similar to the HDPE sample, the LLDPE sample  showed the formation of a 
peak at the q = 1.51Å-1 location.  This peak also began at 1100°C and progressed 
until the end of the experiment at 1200°C.  With the increased temperature, 





The use of X-Ray radiation allows for the investigation of atomic structure in 
sulphonating and carbonizing carbon fibers.  LLDPE, HDPE, and LDPE 
fibers, as well as LLDPE fibers with graphitic and anti-oxidant additives, were 
investigated at different times in the sulphonation process.  It was found 
that, in agreement with other experiments, that the rate of sulphonation 
increased within polymers with less crystallinity; that is to say that reaction 
rates were LDPE > LLDPE > HDPE.  The addition of graphite was shown to 
have a potentially favourable increase in the sulphonation rate, while the 
addition of antioxidants did not see the same effect.  Previously in literature, 
residual crystallinity percentage was used to describe how the sulphonation 
was progressing with time.  As was learned through the use of chemical 
mapping in the previous chapter, the progression of the sulphonation front 
was found to be non-Fickian and diffusion limited.  This would mean that 
the use of X-Rays to determine how the sulphonation is progressing could 
be flawed; diffracting PE is not yet reacted.  Thus it could be stated that X-
ray analysis is better suited for the determination of how much unreacted PE 
is remaining, or in other words, how far the reaction has progressed.  It is 
not particularly suited for determining general properties of the bulk of 
fibers.  This is true across all grades of PE, and when related to past studies 
([14, 16, 17]), discretion should applied. 
Orientation of the polymers in the fibers was found to be affected by the 
sulphonation process.  The reduction in orientation was found to be greater 
in the polymers with lower crystallinity, though in the samples with additives 
(which had similar crystallinity percentages as compared with the pristine 
LLDPE fibers), the orientation did experience a pronounced drop.  LLDPE 
was found to maintain the orientation for the first few hours, but may have 
dropped off as the sulphonation carried through towards completion.  LDPE 
had difficulties maintaining orientation capable of measurement during the 
sulphonation, likely due to how close the sulphonation temperature was to 
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the melting point.  HDPE, on the other hand, was less affected, showing no 
major change in the overall measured orientation with prolonged 
sulphonation, though the difference between the melting point of HDPE and 
the sulphonation temperature was greater than with LDPE.  The mixture of 
results (immediate changes at high temperatures and pronounced changes 
with time) suggest that the loss of orientation is the compounding of two 
processes: namely thermal softening of oriented history, and sulphonation 
reactions between chains.  Of course, these measurements were made by 
measuring the diffraction rings of crystals, so these results would relate to 
the orientation of crystals domains (or other scattering constructively 
happening at the same angle).  This is not to say that the orientation of the 
polymer chains in the crystals changed, but that the overall alignment of the 
(200) plane of the crystals changed.  It was potentially found that the 
increase in sulphonation time promoted a decrease in the crystallite size, 
with LDPE having the most affected results.  As with the orientation results, 
the crystallite size calculations were possible from the application of the 
Scherrer equation with measured diffraction profiles, thus not saying 
anything about the (amorphous) reacted areas. 
In many ways the goal of this dissertation has been to show the effects the 
different grades of PE would have on the sulphonation process and the 
resultant fibers.  Additionally, the effects of graphite additive have been 
explored.  Particularly, the impetus for graphite was the hypothesis that, 
“graphite will serve as a homogeneous nucleating agent during the 
carbonization process.”  In a synchrotron-based X-Ray diffraction study, and 
through the application of the Scherrer equation, it was found that the fibers 
with graphite additives did have significantly greater calculated crystallite 
sizes.  This nudges that the graphite additives “grew” in size during the 
carbonization process.  It should be pointed out that the carbonization 
temperature used was 1000°C, which could be increased to see if the growth 
happens more readily at higher temperatures with greater atomic mobility.  
Furthermore, it was shown that the alignment of the graphite in the 
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carbonized fibers resembled that seen when the fibers were still polymers.  
Together, these results represent the first time in literature that a 
homogeneous nucleating agent has been aligned and grown with a preferred 
(and adjustable) orientation relative to the fiber axis in SPEC fibers.  
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8 Conclusions and Suggestions 
Conclusions 
Across the last 3 chapters, the properties of SPEC fibers and precursors have 
been studied with the use of multiple characterisation techniques.  These 
have looked at mechanical, spectroscopic, and structure-based properties of 
the fibers, with control from the fiber creation through carbonization.  This 
was the first of its kind for the scope of variable control across different 
grades, examination of the effects of antioxidant additives, and 
homogeneous graphitic fillers.  Having compared these findings with those 
already in literature, this dissertation has argued the following propositions: 
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1. Under identical parameters, the rate of sulphonation is 
proportionate to the degree of crystallization. 
2. The diffusion of sulphuric acid mirrors the development of C=C 
bonding. 
3. The stabilization of polyethylene via sulphuric acid is rapid, and 
diffusion limited. 
4. The stabilization reaction does not progress with time beyond the 
initial reaction. 
5. The composition of stabilized and carbonized PE follows a recipe, 
with consistent bonding ratios. 
6. Graphite served as a homogeneous nucleating agent. 
7. Antioxidant additives did not improve the stabilization process, and 
should be omitted from SPEC fiber precursors. 
8. The vast majority of former DSC, FTIR, and WAXS literature on 
sulphonation has been more indicative of how far the process had 
progressed, rather than what was happening at the molecular level. 
Examining the different grades, it was suggested in previous literature that 
the degree of crystallization in the polymer fibers would directly impact the 
rate of sulphonation.  This was found to be true in this study, though due 
to the limitations in previous literature in the past omitting parameters, 
such as additives and a survey of branched properties, the degree that these 
properties would impact the sulphonation behaviour remained a theory 
beyond the simple application of DOE principles.  Indeed, it was found that 
the reaction rate of the polymers followed the sequence: 
LDPE > LLDPE > HDPE 
which was no surprise.  What was interesting, though was that this study 
quantified the rates of these reactions under identical conditions.  This has 
a profound effect in the field, as to reduce the costs of producing SPEC 




Figure 69  Degree of crystallinity in various polymers with regard to time sulphonated.  (Left) fraction 
of residual crystallinity of all fibers as a function of time sulphonated.  (Right) percent crystallinity of 
all fiber grades as a function of time sulphonated. 
In terms of producing fibers in a rapid manner, LDPE would be the most 
suited for swift fiber productions.  This comes with caveats, though, as 
LDPE fibers have traditionally suffered from low mechanical properties.  
While the LDPE SPEC fibers produced in this study were able to fully 
sulphonate and produce carbon fibers without hollow centres, the 
mechanical properties were still an order of magnitude lower than those 
observed in traditional PAN fibers (albeit, tension-free during 
carbonization).   
HDPE fibers, on the other hand, proved to be the stalwart of the group, 
obtaining roughly a 50% sulphonation degree in the 6 hour treatment 
duration.  It was known from previous literature that this temperature 
would have been a bit conservative for this polymer, which with a higher 
melting temperature and higher degree of crystallinity, would require a 
greater push to reach full sulphonation.   
Perhaps, the backbone of this project was LLDPE, which served for the basis 
of the neat, AOX and G samples.  LLDPE was found to sulphonate at a rate 
in the middle of the HDPE and LDPE grades due to the medium level of 
crystallinity in the polymer.  Interestingly, the AOX additives were not 
found to have a net-positive effect on the properties of the carbon fibers 
produced, though they may have shown signs of a higher degree of sp2 


























































consolidation in carbonizing fibers.  Graphitic additives were found to serve 
as a homogeneous nucleating agent, where they contributed to graphic 
domain growth in low-temperature SPEC fibers. 
The first properties of these fibers that were looked at were the mechanical 
and thermal properties.  It was found that the degree of sulphonation was 
directly affected by the grade of polymer, leading to faster reactions with 
reduced crystallinity concentrations.  Of course, the 6 hour sulphonation 
was not sufficient to yield completely sulphonated fibers for all of the 
grades, but it did allow for the differences in rates to be witnessed.  Optical 
profilometry of polished fiber cross-sections allowed for the visualization of 
how changes in material properties during the reaction progressed a 
reduction in abrasion resistance.  Single fiber tensile tests were unable to 
show a perfect relationship between the grades, as it was flawed: not all of 
the grades were able to completely stabilize prior to carbonization.   
When the use of spectroscopy was applied to the fiber cross-sections, 
brilliant insight was gained in the progression of sulphonation.  Imaging via 
the macro ATR-FTIR microscope showed that the progression of the 
stabilization followed a reaction front, leading to a fiber of two layers 
(stabilized and neat) with a minimal gradient between the two.  Diffraction 
limits meant that the resolution of the microscopy did not allow for clear 
resolve of the character of the gradient between the layers.  This resolution 
also prevented the direct calculation of the diffusion distance that the 
chemicals had travelled and at which point they had reacted, but it was 
present that, following the diffusion front, the reaction of the sulphuric acid 
was rapid.  This confirmed that the process was indeed non-Fickian and 
diffusion limited.  This agrees with prior FTIR research on sulphonation 
that followed the process in a different fashion; with the use of ATR-FTIR 
in a benchtop configuration.  Though this method would allow for the study 
of processes, it did not allow for the study with control in space.  In the case 
of a fiber with a stabilized region and a neat region, this would mean 
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measurement of the two, without necessarily being able to discern between 
the two.  This would also mean that past literature that showed changing 
results with time, were indeed showing a change in ratio of the stabilized 
region and the neat region.   
The progression of the reaction was also studied with Raman spectroscopy, 
which showed that, after an initial reaction, the samples did not change in 
their sp2/sp3 ratios.  These ratios remained consistent for all of the samples 
during the sulphonation, and following carbonization, maintained ratios 
consistent between all grades of PE (albeit with greater D-band 
components).  These results conclude that the process of stabilization is 
rapid, consistent between grades, and follows a recipe of bonding ratios.  
This recipe continues through into carbonization. 
Diffraction illuminated that, in agreement with the spectroscopic studies, 
that the vast amount of research that has taken place on the subject was 
looking a mixture of 2 components, with one growing and one reducing.  In 
the case of stabilizing PE, the progressing reaction front reduced the 
crystallinity of the PE that it was surpassing.  This is why consistent 
reduction in crystallinity has been measured across this practice, and why 
a persistent and abolishing-reduction of crystallite size was not measured.  
Though orientation was found to reduce with increased stabilization, this 
could have been due to the most highly oriented part of the fiber, the skin, 
sulphonating first, compounded with above-Tg (and close to Tm) mobility 
of the polymer fibers. 
Graphitic additive was found to have an important impact on the growth of 
graphitic domains.  As samples with graphitic additives have the potential to 
align their additives through shear, and as graphitic additives were found to 
promote larger domains in carbonized fibers, this result provides a basis that 






A progressing reaction front, as witnessed via spectroscopy, showed that the 
system was diffusion limited.  Future work on the subject could be carried 
out to improve the mobility of stabilization chemicals in PE fibers.  
Additionally, as has been carried out, the fiber diameter could be reduced to 
lessen the distance that the chemicals would need to diffuse.[40]  
Additionally, extended sulphonation times would allow for measurement of 
systems with complete sulphonation. 
This was the first study to show an increase of graphitic domain size 
following carbonization at a low temperature.  It was dually found that these 
domains could be oriented with a preferred orientation component relative 
to the fiber axis.  These two ideas combined, future work could look at the 
ability to orient and grow graphitic domains with preferred alignments.  This 
could be performed through additional drawing during the fiber production 
phase (which would also affect the alignment and crystallization of the 
polymer), or move the system to another sp2 hybridized system (such as 
carbon nanotubes) to take advantage of structures with different aspect 
ratios.   
Carbonization that was carried out in-situ was limited to 1200°C by the 
furnace available.  At these temperatures, it was not possible with the system 
used to measure the growth of graphitic domains in-situ.  Though BN has 
been seen to aid in the development of graphitic domains at temperature in 
excess of those used here, there have been no studies of graphitic additives 
in SPEC fibers.  Previously, PAN fibers witnessed improved carbon growth 
nucleated by graphitic additives, thus promoting the possibility that carbon 
may behave in a similar manner in SPEC fibers.[57] 
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The last recommendation of this dissertation is to suggest that the means of 
examining structure within the fibers with X-rays was performed on fiber 
bundles, which showed changing signal with increased sulphonation.  
Processes, such as micro-or-nano diffraction of fiber cross-sectional slices 
could provide valuable spatial information on where and how the 
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